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PREFACE. 

With the discovery of the electro-dynamic principle 
made independently by Varley, Siemens, and Wheatstone 
in 1866, the era of heavy electrical engineering may be 
Baid to have commenced. But its progress was at first 
very slow. It was fully twelve years later until, thanks 
to the International Exhibition in Paris, the Gramme 
dynamo became extensively known ; and the greatest 
development in dynamo machines has only taken place 
within the last few years. The machines which could be 
seen at the Electrical Exhibition in Paris in 1881 were 
all more or less of the character of scientific apparatus. 
They could hardly be called substantial mechanical 
appliances ; and English engineers were quick in per- 
ceiving that to make dynamos of real practical value con- 
siderable improvements of a purely mechanical nature 
were necessary. Since then a good deal of honest and 
valuable work has been done in this direction, notwith- 
standing the disastrous speculations of Electric Light 
Companies some years .ago, and we possess now dynamos 
which in point of eflGiciency can hardly be further im- 
proved. But there is still room for improvement as 



Digitized 



by Google 



VI PREFACE. 

regards their weight, which in many cases appears to be 
excessive. It is a fact difficult to explain that electro- 
motors have hitherto been so much neglected, whereas 
dynamos have received all the attention. There are a 
number of firms in this country whose principal business 
is to manufacture dynamos, but there is no firm of im- 
portance occupied exclusively with the manufacture of 
motors. Consequently, when motors were required for 
transmission of energy — as, for instance, in electric rail- 
ways — the only means of doing the work was by adapt- 
ing a dynamo to act as a motor, and thus get a rough-and- 
ready arrangement, by no means the best which could be 
devised. This state of things is gradually mending, as 
some dynamo makers have begun to devote attention to 
the manufacture of motors. In doing so they are forced 
to abandon, for the most part, their special ^^ systems," 
because the conditions to be fulfilled by dynamos and 
motors are different. This, however, is rather an advan- 
tage than otherwise. Some years ago the first require- 
ment of an electric company who aspired to get the confi- 
dence of the public, was to have a special system. This 
magic word was the key to conunercial success — for a 
time. Now we have grown wiser. We know that prac- 
tical success does not so much depend on the system, as 
on the men who plan and carry out electrical work ; and 
the less of a special system and the more of general good 
engineering there is, the better. Many of the general 
public, and even many of our professional brethren, regard 
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PREFACE. VU 

electrical engineering, especially as applied to the trans- 
mission of energy, as something uncertain, mysterious, 
and as yet in the experimental state. It has been the aim 
of the author to dispel this impression by presenting the 
scientific part of the subject in as simple a form as possi- 
ble, and by giving descriptions of work actually carried 
out. He has endeavoured in this way to place before the 
reader an unbiassed report on the present state of electric 
transmission of energy. 

May, 1886. 
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ELECTRIC TRANSMISSION OF ENERGY. 

INTBODUCTORY. 

The transmission of energy and its transformation is the 
fundamental problem of mechanical engineering. No 
piece of mechanism yet devised is able to create energy^ 
but all mechanism has for its object the transmission and 
transformation for useful purposes^ of energy akeady exist- 
ing in nature in a more or less inconvenient form. The 
more perfect our mechanical appliances^ the better are 
they fitted to direct the forces of nature to do useful 
work ; and in this sense the electric transmission of 
energy must be regarded simply as an improvement on 
purely mechanical methods already existing. But it 
is something more. It not only improves mechanical 
methods, but extends the field for their application, inas- 
much as it can, in many instances, reach nearer to the 
sources of power than any mechanical means. 
' The most important natural sources of power are fuel, 
I wind, and water. As regards the first-named, electric 
P^ansmission can hardly be considered of any great im- 
portance for the purpose of reaching the source of power, 
>r fuel, especially in its most useful form of coal, is so 

B 
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2 ELECTRIC TRANSMISSION OF ENERGY. 

easily portable, that in most cases it is more convenient to 
carry the fuel to the place where the energy is required than 
to transform it into energy where found and transport the 
energy to the place of application. It has been suggested 
to erect large generating stations for electricity close to 
the pit's mouth, and work the dynamos by steam-power 
obtained froin the small coal which is not worth being 
carried by rail. The current generated could then be 
sent along wires to neighbouring towns, and thus the 
energy contained even in the refuse of our coal-fields 
could be utilized. As yet this suggestion has not been 
carried into practice, except on a very limited scale, 
namely, in providing motive power for underground rail- 
ways in coal mines. 

The other two great natural forces, wind and water, 
especially the latter, offer a larger field for the applica- 
tion of electricity. Water-power is only portable in a 
very limited sense. The great cost of channels, and 
the difficulty of providing elevated reservoirs close to 
those places where the power would be of greatest use, 
compel us in most cases to establish our factories close to 
natural waterfalls ; in other words, we cannot carry water- 
power to the work, but must take the work to where the 
water-power is. Where that is impossible or inconvenient, 
the power cannot be directly utilized. It is in these 
cases that electric transmission of power is of greatest 
value, inasmuch as it enables us to get at many sources of 
energy which would otherwise be wasted. The amount 
of energy contained in waterfalls all over the world is 
enormous. To cite only one or two cases. According to 
Herr Japing, the hourly weight of water falling in the 
Niagara is one hundred million tons, representing about 
sixteen million horse-power, and the total production of 
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INTRODUCTORY. 3 

coal in the world would just about suffice to pump the 
water back again. M. Chretien^ a French engineer^ has 
in a paper read at the Paris Electrical Exhibition in 
1881, given the total water-power in France as seventeen 
million horse-power, and has suggested, that if by electric 
transmission only a part of this vast amount of energy 
were made available for useful purposes, an enormous 
economy in the consumption of fuel in France would be 
effected, and, at the same time, the hydraulic works neces- 
sary would also have the beneficial result of preventing, 
or at least mitigating droughts and inundations. This 
suggestion has already borne fruit, although only on a 
small scale. Near Bienne, in Switzerland, there is a 
watterfaU representing an energy of several thousand 
horse-power. A small portion of this power is utilized by 
a turbine, which works a generating dynamo. The cur- 
rent is conveyed by an overhead line, consisting of a pair 
of copper wires (270 mils diameter) to Bienne, a distance 
of about a mile, where it works two electro-motors ; one 
in a mill where silver is rolled, and where the power re- 
quired is very variable ; the other in a watch factory 
where, on account of the delicate nature of the work, an 
absolutely constant speed is required. The installation has 
now been at work with perfect success for over two years. 
Another instance of electric transmission in connection 
with water power is the electric railway at Portrush, in 
Ireland, where the energy of a waterfall is by means of 
a turbine and dynamo converted into electrical energy, 
which is conveyed to the line and along the rails into the 
motor of the car. There it is reconverted into mechanical 
energy and utilized in propelling the car. Examples of 
this class might be multiplied, but these two will suffice 
to show that a practical beginning has already been 
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4 ELECTRIC TRANSMISSION OF ENERGY. 

made in the application of electricity for the purpose of 
reaching some sources of energy which would otherwise 
be lost. If progress in this direction has not been as fast 
as might be desired, the reason lies in this, that installa- 
tions of this kind are necessarily of some magnitude, and 
cannot be undertaken as mere experiments. If a small 
installation of electric lighting were to turn out a failure 
in any particular case, the loss to the contractor would 
not be so very serious. The dynamo, the wire, and the 
lamps have all their fixed market value, and if they have 
to be removed from one installation, they can be utilized 
in another. Not so with the transmission of energy from 
some hitherto inaccessible source. The dynamo and the 
motor have to be built specially for each particular case, 
and the probability that they can be used elsewhere is 
small. The line and supports are expensive items, which 
have only value in that particular locality where they 
have been erected, and the works necessary for transform- 
ing the crude energy of nature so as to be applied for 
driving the generating dynamo, have also only a local 
value. In such cases the installation must be a complete 
success, or else most of the plant and work is a dead loss ; 
and it is but natural that capitalists shrink from rushing 
into enterprises as long as there is the least taint of an 
experimental nature about them. 

Another reason which has, in England at least, ope- 
rated to delay the electric transmission of energy from 
natural and inaccessible sources to more convenient places, 
is that in this country coal is cheap and water-power scarce. 
In France the case is different, and accordingly we find that 
the first experiments on a large scale have been undertaken 
there. Although it is quite incorrect to say, as is frequently 
stated in French papers, that M. Marcel Deprez has in- 
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vented the electric transmission of energy, or has even 
invented any special system by which the electric trans- 
mission of energy is made practicable, it must be ad- 
mitted that he has had the courage of his opinion, and 
has been the first to demonstrate that energy can be trans- 
mitted electrically over long distances. All scientists 
have long been agreed on the necessity of employing for 
long distance transmission currents of high electromotive 
force, but M. Marcel Deprez was the first to carry this 
into practice. 

Broadly speaking, there are two purposes for which the 
electric transmission of energy is of great value. The 
one comprises all cases where, as has been shown above, 
hitherto inaccessible sources of natural energy are by its 
means rendered accessible, and the other comprises all 
those cases where the source of energy itself is accessible, 
but where it is desired to distribute it to a number of in- 
dependent small working centres. In the first case we 
have to transmit a large amount of energy, so to speak, 
in one lump from the distant source to the place of opera- 
tion ; and, in the second case, we have to split up the 
energy of a source close at hand into a number of small 
fragments, and distribute them within a limited area to 
do useful work. In this case electric transmission of 
energy comes into competition with the more mechanical 
means of belts, shafts, wire-ropes, and pneumatic or 
hydraulic tubes, and the question whether one or the 
other of these systems is preferable, depends on the 
amount of energy transmitted, and the distance over 
which it is transmitted, as well as on many local circum- 
stances. Electricity has the great advantage of being 
extremely portable, and capable of having its direction 
and intensity changed with greatest ease. No mechanical 
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6 ELECTRIC TRANSMISSION OF ENERGY. 

force can be detected in the conductor carrying the elec- 
trical energy such as appears during purely mechanical 
transmission with shaftings belts, wire-ropes, or in pipes 
conveying steam, water, or air. The conductor is clean, 
cold, does not move, and altogether appears inert. It 
can be bent, moved, or shifted in any manner while trans- 
mitting many horse-power. It might be brought round 
sharp corners, and, having little weight, it can be fixed 
with greater ease than any mechanical connection. It is 
thus possible to bring the energy into rooms and places 
awkwardly situated for mechanical transmission, and 
there is no noise, smell, dirt, or heat during the transit, 
nothing to burst or give way. The power is, moreover, 
under perfect control, and its application exceedingly 
elastic. The same circuit which may be tapped to give 
many horse-power can, at the same time, and as con- 
veniently be used to work a sewing-machine, or other 
small domestic implement, and the power consumed at 
the generating dynamo is always in proportion to the 
power obtained from all the motors, so that there is no 
waste of energy if some of the motors are standing still 
or are working with less than their full load. In addition 
to these advantages, electrical distribution of energy has 
also the merit of being exceedingly economical. The 
commercial eflSciency of dynamos and electro-motors sel- 
dom falls below 80 per cent., and is in many cases as 
high as 90 per cent., so that even if we make a liberal 
allowance for loss of energy in the conducting wires, 
60 per cent, of the power of the prime-mover at the 
generating station can be recovered from the motors dis- 
tributed over a limited area. For instance, a steam- 
engine of 100 horse-power, driving a generating dynamo 
in the centre of a two-mile circuit, could deliver an 
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aggregate of sixty horse-power in as many separate 
points within that circuit. Apart from all considerations 
of nuisance and cost of attendance in the case of sixty 
separate small steam-engines placed throughout the dis- 
trict^ which might be used instead of the sixty electro- 
motors^ it is evident that we can generate one hundred 
horse-power in one single engine at a far less cost of fuel 
than could be done in small engines, and although the 
double conversion necessitated by electrical distribution 
of energy entails some loss, there is still a large margin 
in the general economy of the system. 

In some cases it is foimd. convenient to transmit the 
energy from the generating dynamo, not directly to the 
motors, but to interpose between the two a set of accumu- 
lators or secondary batteries. This is in reality an ex- 
tension of the system, and has the double advantage of 
providing motive power even at those times when the 
generating dynamo is standing still, and also of giving to 
the motor a certain amount of portability. Electric 
transmission of power is thus actually carried beyond 
the limits of a fixed conductor, or is even effected without 
the aid of a conductor at all. As a case in point, may 
be cited the propulsion of street tramcars by means of 
secondary batteries. Here we have a charging station 
at some place near the line containing some prime mover 
and dynamos, the current from which is sent by a pair of 
cables to the secondary batteries in the car which are to 
be charged. This is the first stage in the electric trans- 
mission of energy. When the cells are fully charged, the 
cables are detached, and the car is ready to start, and 
during its journey the second stage of the transmission, 
viz., that of the energy in the cells into the motor, takes 
place. By the employment of secondary batteries, we 
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8 ELECTRIC TRANSMISSION OF ENERGY. 

have thus carried the operation beyond the limits of the 
cables. If the charging station is so situated that cars 
can enter it^ the process of charging can be accelerated 
by making each set of cells detachable from the car^ and 
charging them whilst the car, furnished with a duplicate 
set, is on the line. As each car comes in, its set of ex- 
hausted cells is replaced by a set newly charged, and can 
go out again within a few minutes. In this case the 
actual transmission of energy between the dynamo and 
the cells, which are placed in close proximity, is only 
over the space of a few yards ; yet this energy may, later 
on, be utilized over a very long line. 

A similar system is in use for the propulsion of small 
boats by electricity. It can be most conveniently applied 
in the case of launches belonging to vessels which are 
fitted with the electric light; for the same dynamo 
which works the incandescent lamps at night can be 
used to charge, or keep charged, the accumulators in 
the launch during the day-time, so that the latter may at 
a moment's notice be lowered into the sea, provided with 
a sufficient store of energy for some hours' run. When 
the launch is stowed away on deck, its accumulators can 
also be used for lighting the vessel, if a mishap occurs to 
the dynamo, or if it be necessary to stop the machinery 
for some other reason. 

Examples of this kind might be multiplied to any ex- 
tent, but sufficient has been said to show that in the pre- 
sent state of electrical industry the electric transmission 
of energy is a question of great practical interest. Its 
application is not only confined to the transmission of 
power, pure and simple, between two distant points, as 
commonly understood, but it enters more or less into 
every application of electricity. 
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CHAPTER I. 

Creneral Principles — Lines of Force — Relations between Mechanical and 
Electrical Energy — Absolute Measurements — ^Ideal Motor and Trans- 
mission of Energy— Practical Units. 

A PROPER understanding of the principle of the conser- 
vation of energy, which exists throughout the whole of 
nature, must necessarily form the basis of all scientific in- 
vestigation of mechanical or electrical problems, and of 
most of the improvements we might attempt to introduce 
in existing machinery and apparatus. In many cases, 
the fact that the original amount of energy remains un- 
changed, whilst the form in which it becomes manifest 
undergoes many alterations, is easily understood. For 
instance, if a locomotive engine draws a train behind it 
on a railway, we are at no loss to explain how the energy 
of fluid pressure of steam in the boiler is transformed into 
that of a steady pull overcoming the resistance of the 
train at a speed of so many miles per hour, and including 
all the so-called waste caused by deformation, friction, 
abrasion, and heating of the bodies through which the 
energy flows. The means by which, in this case, energy 
is transformed are, for the most part, purely mechanical, 
and sufficiently familiar to our imagination to allow us to 
fonn a mental picture of the different processes taking 
place. Even the transformation of heat into energy of 
fluid pressure, although we are not able to represent it by a 
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10 ELECTRIC TRANSMISSION OF ENERGY. 

mechanical model, has, through long familiarity with heat 
engines in one form or another, become comprehensible to 
us. With electrical energy, and with that of chemical 
action, this is not so. We can form no kind of mental 
picture of the process taking place in a voltaic cell where 
the energy of chemical action is transformed into that of 
an electric current, nor can we say what are the connect- 
ing links by the aid of which this current, after passing 
through hundreds of miles of wire, is made to impart 
mechanical energy to the armature of an electro-magnet^ 
and thereby produce telegraphic signals. There is nor 
mechanical connection between the sending key and the 
lever of the Morse instrument by which energy could be 
transmitted in the form of a pull, as is the case in our 
example of the coupling between a locomotive and its 
train, and yet energy is unmistakably transmitted. If 
we neglect waste, that is energy transformed in a way 
not immediately ui^eful for the purpose in view, we find, 
that the amount of electrical energy received at the dis- 
tant station is proportional to the amount of chemical 
energy used up ; and if we take the waste also into 
account, we shall find that the energy it represents, added 
to that received in the form of an electric current at the 
distant station, is again proportional to the amount of 
chemical energy developed in the voltaic cell. If we 
know the nature of the chemical process going^on in the 
cell, we can always calculate, by the aid of electro- 
chemical equivalents, what total amount of electrical 
energy can be obtained from a given weight of materials. 
Similarly there exists a definite and constant propor- 
tion between electrical and mechanical energy. The re- 
lation between the two is somewhat complicated by the 
development of heat, which, indeed, is inseparable from 
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electric phenomena^ but if we make due allowaDce for the 
energy wasted in heat, we shall find that a given amount 
of'electrical energy will always produce the same amount 
of mechanical energy, irrespective of the time required, 
or the exact manner of transformation. Although we 
cannot say what are the connecting links between electric 
current and mechanical force, experiment shows that cer- 
tain definite relations exist, and we can, on the basis of 
experimental facts, conceive a mental picture or model by 
the aid of which these relations are represented in a fami- 
liar form. Such a mental picture is the conception of 
magnetic lines of force, first introduced by Faraday. In 
adopting this method of rendering electro-mechanical 
phenomena tangible to our senses, we make no assump- 
tion whatever about the reality of the lines of force. 
Whether they actually exist is a matter of total indif- 
ference ; but since all the experiments we can make are 
compatible with that conception, and since it enables us 
not only to explain experimental facts, but also to bring 
them within the region of actual measurement and calcu- 
lation, it is convenient to make the theory of magnetic 
lines offeree the basis of electro-mechanical investigations. 
If a sheet of paper be laid over a straight steel magnet 
haying opposite poles at its ends, and sprinkled with iron 
filings, it will be found that these arrange themselves in 
curves, i^Jiich we take to be the magnetic lines of 
force,^ Fig. 1. Each of these lines form a closed curve 

^ A very convenient way of fixing these curves is by the aid of a sheet of 
glass, the surface of which has been coated with a thin layer of paraffin. 
Thi^ glass is laid over the magnet, then sprinkled, and carefully lifted off so 
as not to disturb the filings. It is then gently heated, when the paraffin 
melts, and upon cooling again the iron filings are fixed to the glass by the 
coating of paraffin. The glass plate may then be handled as if it were a 
drawing, and the curves can be reproduced by photography. The drawing 
in the text has been obtained in this manner. 
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issuing from a point at one end of the magnet, and enter- 
ing at a corresponding point at the other end. Some of 
the curves extend far out into space, beyond the surface 
of the paper, and as far as they are visible, they 
appear as open lines growing fainter the farther we 
go from the poles. They niust, nevertheless, be con- 
sidered to be closed lines, only so faint that we cannot 
trace them throughout their whole length. If the poles 
of our piagnet were two mathematical points, all the 
curves would pass through those points, but since we 



■ -^h 







have to deal with a physical magnet, the poles of which are 
surfaces of some extension, the lines issue from all over 
these surfaces. To investigate the magnetic properties of 
these lines we can use a long thin magnetic needle (a 
magnetized knitting-needle answers veiy well) suspended 
vertically by a long thread, so that the lower end of the 
needle is within a short distance of the paper, and free to 
move all over it. We shall then find that the lower end 
of the needle will be repelled by one pole of the magnet 
and attracted by the other, and in following the combined 
action of these forces, it will move along that particular 
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line of force upon whic^ it was set on to the paper in the 
first instance, but it will never move across the lines. 
We conclude from this experiment that the lines of force 
are paths along which a free magnet pole is urged under 
the influence of the magnet. A free magnet pole of oppo- 
site sign would travel along the same lines, but in opposite 
direction, and, if of the same strength, it will be urged 
along with an equal force. If, instead of a long vertical 
needle, we take a very short one suspended horizontally 
in its centre close to the surface of the paper, the two 

Fig. 2. 
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opposite forces will tend to set the needle so as to form a 
tangent to the line of force passing through its centre, and 
as then the two forces are equal and opposite, no bodily 
shifting of the needle can take place. But on whatever 
point of any of the curves we set. the needle, it will always 
swivel into such a position that its magnetic axis, that is 
a straight line joining its two poles, becomes a tangent to 
the curve. (Fig. 2.) It should here be remarked that 
unless the needle is very short in comparison to the mag- 
net it will, when placed near one of the poles, be drawn 
right up to it, because in this case there would be a sen- 
sible diflerence in the distance of either of its poles from 
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that magnet pole^ and consequently the opposing forces 
would no longer be in equilibrium. But if the needle is 
very short, say only the length of a particle of iron filing, 
this inequality between the attracting and repelling force 
will at a short distance from the magnet pole become 
omissible, and then the particle of iron filing will only set 
itself into the direction of the line of force in that place, 
but not move bodily along it. We may thus regard each 
particle of iron filing which has been sprinkled over the 
paper as a very short magnetic needle, and each line of 
force as a chain of such needles linked together by their 
poles of opposite sign — Ui Si — n^ s^ — n^ s^ — and so on, as 
shown in Fig. 2. Imagine now that the particles in one 
such chain, whilst under the influence of the magnet, 
could by some process be suddenly hardened into steel, 
or that we had taken steel filings in the first instance, and 
then remove the magnet. We would then have a succes- 
sion of little magnets, whose poles of opposite sign touch, 
and therefore eliminate each other, with exception of the 
first and last particle of the chain. Here we would have 
a free N pole at one end, and a free S pole at the other 
end, these being a finite distance apart, and therefore 
able to exert magnetic action on other pieces of iron 
placed into their neighbourhood. But let each particle 
be turned round its centre (without however, shifting it, 
bodily) so as to break contact with its neighbour, and we 
shall have a disjointed line of very small magnets. Fig. 3, 
none of which is able to exert any magnetic attraction or 
repulsion at a distance, because on account of the proxi- 
mity of the two opposite poles in each particle, their dis- 
tances from any external point to be acted on would be 
sensibly equal, and consequently the opposite forces 
would be in equilibriiun. By turning each particle so as 
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to thoroughly break contact with its neighbour, we have 
completely destroyed the magnetic action of our chain at 
a distance. If we had turned only a few of the particles, 
or if we had turned all through a very small angle, so as 
not to completely interrupt their magnetic continuity, the 
magnetism of the chain as a whole would have been 
weakened but not destroyed completely. We can restore 
our magnetic chain again by turning each particle back 
into its original position, and if this process should be too 
laborious to be performed by hand, we can accomplish it 
in an instant by replacing our magnet under the paper. 

Fig. 3. 



X' 



when its line of force corresponding to the chain of 
particles, will pass through it again and swivel each into 
a tangential position, whereby poles of opposite sign are 
again brought into contact, thus eliminating each other, 
with the exception of the two free poles at the ends of the 
chain. 

According to Professor Hughes' theory of magnetism,^ 
what has here been described for a chain of iron filings 
lying on the sheet of paper, actually takes place within 
the body of any piece of iron or steel whilst being 

^ FrooeediDgs Boral Society, May 10, 1883; also a paper on <<The 
Cause of Evident Magnetism in Iron, Steel, and other Magnetic Metals," 
read before the Society of Telegraph Engineers and Electricians, and 
reported in their Journal, vol. xii.. No. 49. 
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magnetized. According to this theory^ each molecule 
of iron or steel is a complete magnet ; it is provided at 
one end with a definite quantity of magnetic matter of 
one sign, and at the other end with precisely the same 
quantity of magnetic matter of the opposite sign, and 
these magnetic charges are an inseparable attribute of 
matter like its gravity or chemical or thermal properties, 
and they can neither be increased nor diminished. In an 
unmagnetized bar of steel these molecular magnets are 
supposed to form a disjointed chain, their magnetic axes 
pointing in all possible directions, and therefore, as was 
the case in our chain of iron filings after we had rotated 
them, incapable of magnetic action at a distance. But if, 
by some means, it were possible to turn all the molecules 
so as to point one way, without, however, displacing them 
bodily, we would obtain a number of parallel magnetic 
chains showing free magnetism at their ends only, and 
therefore capable of exerting magnetic attraction and re- 
pulsion at a distance ; in other words, our bar of steel 
would become a magnet. It will be seen that according 
to this theory the molecules composing a bar of magne- 
tizable steel must be capable of rotation around their 
centres, and the more easily and completely they can be 
rotated, the greater is the degree of magnetization ob- 
tained. Since we cannot take hold of each molecule and 
rotate it mechanically, we must adopt the other method, 
viz., that of sending lines of force through the bar to 
perform that work, as we did with the chain of iron 
filings. This can be done either by the aid of another 
magnet, or by an electric current. The setting of mole- 
cules into continuous chains will be the more complete, 
the less resistance or internal friction they offer to rota- 
tion, and the more powerful are the lines of force which 
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are caused to pass through the bar of steel. In very soft 
steel; or in soft iron, the molecules rotate freely, and can 
be set almost completely into continuous chains, but the 
harder the steel the smaller is the angle through which 
each molecule can be rotated, and the more magnetizing 
force is required for this purpose. In such cases the 
magnetic chains are more or less discontinuous, and the 
magnetism appearing externally is weaker. On the other 
hand, the molecules once rotated into position of magnetic 
continuity are not so easily disturbed again, and thus the 
harder the steel the more permanent is its magnetization. 
In soft iron the molecules will lose their magnetic con- 
tinuity as easily as it was acquired, and the slightest 
mechanical strain or vibration is sufficient to destroy the 
greater part of the previous magnetization. To illustrate 
this we may take a glass tube filled loosely with iron 
filings, which can be magnetized by drawing the pole of 
a magnet along it. We shall then see that the particles 
of filing which previously were lying in all possible direc- 
tions, have now become more or less parallel to the tube, 
and the whole appears more like a solid piece of iron of 
very fibrous texture. The tube has now become a magnet, 
and if it be carefully handled so as* not to disturb the 
arrangement of the particles, it can be used as if it were 
a solid steel magnet, and all the usual phenomena of 
attraction and repulsion at a distance can be obtained. 
But on tapping or shaking the tube the particles relapse 
into their former confused position, and all traces of ex- 
ternal magnetism of our tube vanish. From this short 
outline of Professor Hughes' theory it will be seen that 
the only way in which we can act upon the molecules in 
the interior of a bar of iron or steel is by sending lines of 
force through it. The greater the number of lines, or the 

c 
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more powerful the individual lines which we can force 
through the bar — or, in other words, the greater the 
magnetizing power — the greater will be the number of 
molecules which are thereby arranged into more or less 
complete magnetic chains, and if the metal is hard enough 
these chains in their turn become the seat and origin of 
lines of force, and can then be used to magnetize other 
bars. It will also be clear that after a bar has been 
magnetized, the space surrounding it becomes filled with 
lines of force, which emanate from it Strictly speaking, 
each magnet is surrounded by Unes extending into in- 
finite space, but practically they can only be traced ' 
throughout the space immediately surrounding the mag- 
net, and this space is called the " magnetic field,^^ Since 
magnetic lines are not a reality, but only a convenient 
conception, we can adopt any simple way of expressing 
their magnitude, or, to speak more correctly, the inten- 
sity of the magnetic field at any given point. We can 
either assume that the lines are of different strength, and 
that the mechanical force with which a given free magnet 
pole is urged along any one particular line is dependent 
on the strength of that line, which may be different from 
that of any other line belonging to the same field ; or we 
can assume that all the lines are of the same strength, but 
that the number of lines passing through unit space of the 
field is different at different points of it. According to this 
assumption, the intensity of the field in any given spot, 
and the mechanical force exerted on a free magnet pole, 
is proportional to the number of unit lines passing through 
unit space at that particular spot. This is the more con- 
venient way of estimating the magnitude of the mechanical 
forces produced by the magnetic field, but it must not be 
considered to be a representation geometrically true, and if 
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we try to consider it so, the want of reality in our concep- 
tion of lines of force becomes at once apparent. This will 
be seen from the following consideration. If, as we assume, 
a mechanical force can only be exerted by lines actually 
passing through the magnet pole, it will be evident that 
in case the, pole be a mathematical point, only one line 
can pass through it and exert mechanical force on it. 
This force would therefore be quite independent of the 
density of lines around the pole. If the pole, although 
of the same strength, had finite dimensions, more lines 
would actually pass through it, and more mechanical 
force would be exerted. Experiment, however, shows 
that this is not the case, and that within reasonable 
limits the mechanical force is independent of the extent 
of the pole, and only depends on its free magnetism. 
From this we conclude that a strictly geometrical repre- 
sentation of the density of lines in a magnetic field, in the 
same manner as we might represent the density of trees in 
a forest, would be incorrect. We cannot pretend to solve 
the problem of finding a geometrical representation for 
our conception of the intensity of the magnetic field, and 
we must be content to use the term in its conventional 
sense, without having any clear idea of how it could be 
represented by a mechanical model. Yet this is no reason 
why we should abandon such an extremely convenient 
method of representing magnetic action at a distance. 
Nobody has as yet succeeded in explaining the action 
of gravitation, or has been able to represent it by a 
mechanical model. Nevertheless we find no diflSculty in 
using the conventional terms of acceleration, mass, and 
weight of bodies in our calculations. We know that the 
weight of a body equals the product of its mass and the 
acceleration due to gravity. If we put strength of pole for 
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mass and intensity of field for acceleration due to gravity, 
we find the analogue to weigh in the mechanical force with 
which a free magnet pole is acted on when placed in a 
magnetic field. 

From what has been said above, it will be evident that 
we must define mcynetic field of unit intensity as that in 
which a free magnet pole of unit strength is acted on 
with unit force. To define a magnet pole of unit strength 
we must have recourse to the well-known expression for 
the mechanical attraction or repulsion existing between 
two poles placed at a certain distance apart. The law 
has been established experimentally by Coulomb,^ with 
the aid of his torsion balance, and verified by Gauss,^ 
who used for the purpose a large fixed magnet, and a 
smaller suspended magnetic needle. It is as follows. It 
M and m denote the strength of the two poles, and if they 
are placed at a distance, r, from each other, the mecha- 
nical force (attraction or repulsion according to whether 
the poles are of dissimilar or similar sign) acting between 

them is — 2-. If both poles are equal and of the strength 

m* . . . 

wi, we have —2, and if their distance be unity, the force 

acting between them will equal the, square of the free 
magnetism of one pole. The force will be unity if the 
free magnetism is unity. We find, therefore, the defini- 
tion for unit pole to be a pole of such strength that when 
placed at unit distance from an equal pole ^ the two will act 
upon each other with unit force. It remains to define unit 
force and unit distance. This might be done on any con- 
venient basis of the measurements of mass, length, and 

^ Wullner, " Experimentalphysik," iv., § 6. 
^ Wiedemann, ** Elektricitat," iii., p. 116, ante. 
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time. In electrical calculations it is customary to use for 
this purpose 

The Gram as the imit of mass. 

The Centimeter as the unit of length. 

The Second as the unit of time. 

On these imits is based what is known as the Absolute 
System of Ehctro-Magnetic Measurements. Taking these 
units as the basis for our calculations^ we can find all 
other units of measurement^ because they are all con- 
nected in some way with the fundamental units of mass, 
length, and time. We find thus that the unit of velocity 
is one centimeter per second, that of acceleration is an 
increase of velocity of one centimeter per second, and 
since mechanical forces are measured by the product of 
mass and acceleration, we define the unit of mechanical 
force, the Dyne^ as that force which appUed to a mass of 
one gram, during one second, will give it a. velocity of (or 
accelerate its velocity by) one centimeter per second. 
The mechanical energy represented by the force of one 
dyne acting through a distance of one. centimeter is the 
miit of energy, and is called the Erg, Having accepted 
these fundamental and derived units, we can now proceed 
to establish units for the lines of force, and for the inten- 
sity of the magnetic field. We call a unit line of force 
one of such strength that if a unit pole be placed on it, it 
shall be urged along it with the force of one dyne. A 
unit magnetic field woUld be one in which a unit pole 
would be acted on with the force of one dyne. If we find 
experimentally that an equal force is exerted in all points 
of a certain portion of the field (as is the case with the mag- 
netic field of the Earth within certain limits), we say that 
this particular portion of the field is of uniform magnetic 
intensity, and we consider all the lines of force to be 
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straight, parallel, and equidistant. A uniform magnetic 
field of unit intensity is therefore one in which every square 
centimeter of transverse section is traversed at right angles 
by one unit line. We can now determine the number of 
unit lines which emanate from a free unit pole. Before 
doing so, a few words of explanation regarding this con- 
ception of a free magnet pole are necessary. It has been 
shown above that magnets are produced by the adjusting 
of their molecules into continuous chains ; and that, 
therefore, equal quantities of magnetic matter of opposite 
signs are produced at the poles of the magnet. Experi- 
ment shows that it is physically impossible to produce a 
magnet with one pole only, and that therefore no such 
thing as a free magnetic pole can be found in nature. 
But we can get an approximation to the free pole by 
making the magnet very long in comparison to the 
strength of its poles. In this way the magnetic influence 
of each pole will be sensibly felt through a distance con- 
siderably smaller than the length of the magnet, and 
when investigating the magnetic properties of the space 
immediately surrounding one pole we can neglect the dis- 
turbing influence of the other pole. In this case the 
lines of force emanating from the pole under consideration 
will be straight radii, shooting out from the pole all 
around into space. Let, in Fig. 4, P be the pole, and S 
a sphere described around it as centre, then this sphere 
will be pierced by the lines of force, in points which are all 
equidistant from the pole. Let r be that distance, andilf 
the strength of the pole, we find the mechanical attraction 
exercised upon a unit pole of opposite sign placed at any 

M 

point on the surface of the sphere, by the expression -p- 

If, now, a second sphere be described around P, with a 
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radius larger than r by only an infinitesimal amount^ we 
shall have a spherical shell of infinitely small thickness^ 
within which the inteiusity of the field is uniform. Into 
whatever point between the two surfaces of the shell we 
may place our unit pole^ we find that it is attracted with 
the same force towards P, and from this we conclude that 
the density of lines all over the spherical surface must be 
uniform. Since in a uniform field the force exerted upon 
unit pole in the direction of the lines is equal to their 

Fig. 4. 



density (or number of lines per square centimeter of 
transverse section), we conclude that through each square 

M 

centimeter of surface on the sphere, there pass —^ unit 

lines. Now the total surface of a sphere of radius r, is 
4 V r% and consequently the total number of lines ema- 
nating from the pole of the strength M is 

M 

r 

If the pole -P, instead of having the strength itf, were a 
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unit pole^ the total number of lines would evidently be 
4 TT, and thus we find a second definition for unit pole 
as a pole of such strength that 4 ^ unit lines of force 
emanate from it ^his definition is evidently identical 
with the following : Unit pole produces unit intensity of 
field at unit distance. 

Up to the present we have only dealt with magnets and 
the mechanical forces exerted by them. It will now be 
necessary to investigate the relations between an electric 
current and the mechanical force it can exert when 

Fig. 5. 




brought into a magnetic field. Experimental facts form 
now^ as before, the basis of our investigation. Let, in 
Fig. 5, a be the cross-section of a wire passing vertically 
through the surface of the paper, and assume that a 
current is flowing down the wire. If we sprinkle iron 
filings on to the paper near the wire, we find that they 
arrange themselves in concentric circles around it, and 
if we shift the paper into other places along the wire, we 
find the same result. From this experiment we conclude 
that the wire throughout its whole length is surrounded by 
circular lines of force, or as it is sometimes called, by a 
magnetic whirl. If we suspend a long thin magnet 
parallel to the wire, so that its lower end is free to move 
along the surface of the paper, it will have a tendency to 
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rotate round the wire, but continuous rotation cannot be 
obtained, because the upper end of the magnet has a 
tendency to circle round the wire in an opposite direction. 
If a short magnetic needle, suspended in its centre, is 
placed horizontally on the paper, it will set itself tan- 
gentially to the lines of force, and therefore at right 
angles to the wire. Each circle of iron filings must be 
considered as a chain of small magnets closed in itself^ 
and if we were to lay a ring of steel around the wire on 
the paper, it would become a continuous magnet. Upon 
removing the ring it would not show any external mag- 
netization, because all along, its molecules are in contact 
with their opposite poles, but if we interrupt this con- 
tinuity by cutting the ring open in one place, the ends 
severed will show opposite polarity when the ring is 
straightened out. If, instead of a complete ring, we had 
placed only a segment of a ring or a straight piece of 
steel at right angles to the wire, it would upon removal 
at once show magnetic properties. We see from these 
experiments that it is possible to magnetize a piece of steel 
by passing an electric current in its neighbourhood at 
right angles to it. All the experiments detailed above 
will succeed equally well with a bent wire, and if we 
employ a coil of wire with a piece of steel inserted at 
right angles to the plane of the coil, its magnetization 
will be considerably greater than where only one straight 
wire is used. The annexed sketch, Fig. 6, will give a 
clear idea of the lines of force surrounding a circular coil 
in which a current flows. The zinc and copper plate of 
a Daniell cell are joined by a stout square wire bent into 
the form of a circle, as shown, and since all the lines pass 
around the wire in the same sense it follows that the whole 
interior space of the circle is filled by a bundle of lines 
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piercing the plane of the wire at a right angle. A free 
magnet pole would therefore be drawn through the hoop 
in one sense or the other, according to the sign of the 
pole and the direction of the current. If a small magnetic 
needle be suspended in the centre, it will set itself at 
right angles to the plane of the circle and the direction in 
which its N pole is urged, is given by the following rule 
due to Ampere : Imagine a person swimming with the 

Fig. 6. 




current and looking towards the needle ^ then its N pole will 
be urged towards the left. If, instead of a magnetic needle, 
we place a non-magnetic piece of steel into the same posi- 
tion it will become magnetized, N at its left and S at 
its right end. It will be evident that if we approach 
the N pole of a magnet to the circle from the front, the 
side turned towards the observer in the figure, it will 
be repelled, and if we approach a S pole it will be at- 
tracted. The opposite takes place on the back. The 
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same would happen if instead of the circular wire tra- 
versed by a current, we had a very short magnet of equal 
diameter. To put the magnet into the same condition as 
the wire its length would have to be equal to the thick- 
ness of the wire, and it would thus become a flat disc, 
one side of which we assume to be covered with N mag- 
netic matter, and the other side with an equal amount of 
S magnetic matter. By properly choosing the amount of 
magnetism distributed over the discs, we can obtain a 
magnet which in its action at a distance is absolutely 
equivalent to the circular current, and such a magnet is 
called the equivalent magnetic shell. The action which a 
physical magnet or a magnetic shell equivalent to a 
closed current can exert at a distance is most conveniently 
expressed by the magnetic moment^ that is the product of 
strength of poles with their distance. A magnet one 
centimeter long having unit poles has unit moment. 
Experiment shows that the magnetic moment of a plane 
closed circuit is equal to the product of area enclosed by 
the current and strength of the current, and we can 
therefore define unit current as that current which flowing 
in a plane circuit is equivalent to a magnetic shell the moment 
of which is numerically eqiial to the area of the circuit. Let 
in Fig. ly a b represent the cross-section through a cir- 
cular conductor of radius, r, traversed by a current, c, 
and m^ a magnet pole placed at a distance, d, from the 
centre of the coil, then it is found experimentally that 
each element of the conductor exerts a force on the 
magnet pole which is numerically equal to the product of 
strength of current by length of element, by strength of 
pole divided by the square of the distance ; and the direc- 
tion of which is at right angles to the plane passing 
through the element and through the magnet pole. The 
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force due to the element^ d I, situate at b, is therefore 
m f. and its amount is rf -F = ^ — '- — \ The horizontal 



7* 

component of this force is evidently d H^ d F ^ 

and since the same holds good for any element along the 
circle5 we find the total force by integration between the 

limits and 2 tt r H^ cm. 



(rf^ + r») 



3 



Fig. 7. 




If the magnet pole lies in the centre of the coil, rf ■= o, 
and the force is evidently H = - — ^— ^— . 

This equation provides another definition for unit 
current. It will be seen that if w, r and c are equal to 
unity, H is equal to 2 ^r, and we may define unit current 
as that current whichy flowing in a wire forming a circle of 
unit radiusy acts on a unit pole placed at the centre with a 
force of^TT dynes. 

If a magnet be inserted into a coil of wire which is 
connected to a delicate galvanometer, a current will be 
observed to flow through it for a short time, and if the 
magnet be withdrawn from the coil, a momentary current 
in the reverse direction is created. Now since it is im- 
possible that a current should flow without there being 
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an electromotive force in the circuit, we conclude that 
the act of thrusting a magnet into the coil, or suddenly 
withdrawing it, sets up an electromotive force in one direc- 
tion or the other in the wire itself. To explain this phe- 
nomenon, we have again recourse to the conception of 
lines of force. It is evident that in approaching the 
magnet to the coil we move not only the metal alone, but 
also all the lines offeree which surround ity and in so doing 
we cause these lines, or at any rate some of them, to cut 
the wire of the coil. The same happens if the magnet 
remains at rest and we move the coil relatively to it ; the 
wire cuts through the lines of force and an electromotive 
force is set up in it in consequence. We cannot explain 
the why and wherefore of this action, and must rest con- 
tent to accept it as abundantly proved by experiment 
A careful investigation also shows that the strength of 
the current, and consequently the amount of electro- 
motive force set up, is directly proportional to the speed of 
movement and to the strength of the magnet. We con- 
clude from this that the electromotive force is proportional 
to the rate of cutting lines, that is, to the number of lines 
cut per second by each wire. It is also proportional to 
the number of wires in the coil. We also find that in 
thrusting the magnet into the coil we experience a resis- 
tance necessitating the expenditure of mechanical energy, 
the amount of which is proportional to the product of cur- 
rent and electromotive force. This resistance, and the 
mechanical energy necessary to overcome it, will be the 
greater the lower the electrical resistance of the coil, pro- 
vided other things remain equal, and if the coil be open 
so that no current can pass, there will be no opposing 
force to the movement of the magnet. In order to inves- 
tigate this phenomenon of the creation of electromotive 
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force by the movement of a conductor in a magnetic field, 
we will assume the simplest possible case, viz., that of a 
uniform field, the lines of which we suppose to be vertical. 
Let two metallic bars be fixed at equal distance from the 
ground, and parallel to each other, and let a third bar, 
which we term a slider, be laid at right angles across these 
bars, and let it be free to move parallel to itself, but al- 
ways remaining in contact with them. As soon as the 
slider is set in motion, a difference of potential will be 
created between its ends where it rests on the bars, tend- 
ing to make electricity flow from the bar of higher to the 
bar of lower potential. Such a flow of electricity will 
actually take place, and can be made visible if the bars 
be connected by a galvanometer. Let d be the distance 
between the bars, v the velocity of the slider, and F the 
intensity of the field, then the difference of potential be- 
tween the bars, is F. d. v, which product also expresses 
the* number of lines of force cut by the slider per second. 
If the distance between the bars be one centimeter, and 
the velocity one centimeter per second, and the intensity 
of the field be also unity, we obtain the unit of electro- 
motive force. We define, therefore, as the unit of electro- 
motive force y that which is created in a conductor moving 
through a magnetic field at such a rate as to cut one unit 
line-jper second. Imagine that the bars and the galvano- 
meter connecting them have absolutely no electrical resis- 
tance, but that the slider have a resistance r, then by 
Ohm's law the current produced through the circuit, 
whilst the slider is in motion, will be 

r 
If the intensity of the field is imity (F = 1), and if the 
bars are one centimeter apart, unit current will be pro- 
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duced at a velocity r = r. We find, therefore, that the 
electrical resistance of the slider, and for the matter of 
that the electrical resistance of any conductor, can be ex- 
pressed in the same terms as a velocity. "We say that the 
resistance of a conductor is so many centimeters a second. 
It is customary to express resistances by reference to a 
standard resistance, the ohm. The relation between this 
and the unit of resistance in absolute measure will be 
shown presently. Before doing so, we must, however, 
say a few words about the energy required to move the 
slider, and about the relation between current and mecha- 
nical force. Let P represent the pull in dynes reqaured 
to move the slider across the lines of a field of intensity 
Fy with a velocity of v centimeters a second. The energy 
expended in e^gs will evidently be 

rv= p.v. 

By the principle of the conservation of energy, this must 
be equal to the electrical energy produced. The ques- 
tion which now presents itself is the determination of the 
electrical energy of a current, c, flowing imder a difference 
of potential of F. d. v. We have up to the present used 
the term potential without giving its definition. As the 
name implies, the potential of a body is its property of 
allowing energy stored up in it to become potent, that is, 
to do work. If a weight be raised to a certain bright 
from any giveu datum level, the mechanical work thereby 
expended can be recovered by allowing the weight to 
descend again whilst overcoming the resistance of some 
piece of mechanism which can be made to do useful work. 
In its elevated position the weight has, therefore, a cer- 
tain potential energy, which is equal to the product of 
the weight multiplied by the distance to which it has 
been raised. If the weight be unity, this product is 
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numerically equal to the height, and we can say that the 
mechanical potential of a heavy body raised to a certain 
height above datum level equals the mechanical energy 
required to lift unit weight to the same height. By 
multiplying the potential thus defined with the weight 
of the body we obtain the total mechanical energy which 
it is capable of exerting. Similar reasoning applies with 
regard to the transfer of electricity. It is well known 
that two bodies charged with electricity of the same sign 
repel each other, and if one of the bodies is fixed whilst 
the other is being approached to it mechanical energy 
must be expended in the act of approaching. This energy 
can again be recovered (provided there were no losses by 
dissipation of electricity into the surrounding air) by 
allowing the movable body to recede from the body at 
rest whilst doing useful work. To fix ideas, let the 
stationary body be a very large metallic sphere charged 
with a certain amount of positive electricity, and let the 
movable body be a very small gilded pith ball charged 
with a unit of positive electricity. We assume a great 
difference in the size of these bodies in order that the 
charge on the larger body shall not be sensibly altered 
by the variation of position of the small body. If we re- 
move our pith ball to an infinite distance, so as to be 
completely beyond the repulsive action of the larger 
body, we can consider it to be in that position analogous 
to unit weight placed at datum level. If we now advance 
the pith ball up to the large sphere, we shall have to 
perform mechanical work, and, according to Sir William 
Thomson's definition, the electrical potential of the sphere 
is measured by the amount of mechanical work per- 
formed. If, instead of starting from infinite distance, 
we had started from another sphere having a different 
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potential to the firsts the mechanical work performed in 
the transfer of the pith ball would be a measure of the 
difference of potential between the two spheres. It will 
appear self-evident that if, instead of only one pith ball, 
we transfer two, three, or more, or if the charge of the 
pith ball, instead of one unit, were two, three, or more 
units of electricity, the mechanical energy would also be 
increased in the same proportion. From this it follows 
that the mechanical energy required to transfer q units 
of electricity from a sphere or point where the potential 
is j9i to a sphere or point where the potential is p% will 
be— 

— 9{Pi—P^) 
and this result will not be altered if the transfer, instead 
of taking place by the aid of our pith ball conveying a 
definite electrical charge y, were to take place by means 
of a wire carrying a continuous current, since the latter 
can be considered as a succession of pith balls. In our 
experiment with the slider, c is the current or quantity of 
electricity transferred in one second, and the mechanical 
energy represented by the current during the interval of 

one second is therefore 

c F d Vy 

which by the principle of the conservation of energy 

must be equal to the mechanical energy expended during 

one second in moving the slider. We find, therefore, the 

relation 

P= cFd. 

The mechanical force experienced by a straight conductor 
d centimeters long, carrying a current c, and situate in a 
uniform field of intensity Fy the lines of which are at right 
angles to the conductor^ is equal to the product of length of 
conductor, current, and intensity of field. This relation is 

D 
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of the utmost importance for the construction of electro- 
motors^ inasmuch as the mechanical forces thus deter- 
mined are the real source of power of these machines. It 
would, therefore, be desirable to verify the expression 
obtained above by some other method of reasoning, and 
this can easily be done if we go badk to what has been 
said about the relation existing between a current and 
the force exerted by it on a free magnet pole. It was 
then stated that experiments have shown the force to be 
equal to the product of length of conductor, current, and 
strength of pole, divided by the square of the distance. 
We assume hereby that the conductor stand at right 
angles to the line joining its centre with the pole, and 
that it be very small in comparison to the distance from 
the pole. All the straight lines which can then be drawn 
from the pole to different points of the conductor inter- 
sect it at right angles, and can be considered to be 
parallel. The conductor lies, therefore, in a uniform 

magnetic field of the intensity F = -— , m being the 

R 

magnetism of the free pole, and R its distance from the 

conductor. Let d be the length of the conductor, c the 

current, and P the mechanical force exerted on the pole, 

we have 

jy __ m c d 

~^' 

as has already been shown. But since action and reaction 
must be equal, the conductor acts upon the pole with pre- 
cisely the same force as that exerted by the pole on the 
conductor ; and we find that the force tending to lift the 
conductor out of the plane laid through it and the pole 

is also equal to P. By substituting F for ^ we have 

R^ 
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therefore P = c F dy the same expression as obtained 
above. 

Eetoming now to the above example of the two hori- 
zontal bars and the slider laid across them^ let^ in Fig. 8^ 
A By C Dy represent the two bars, a b the slider, and V 
a voltaic cell connected to the bars by wires, as shown. 
The lines of force — ^not shown in the diagram — are sup- 
posed to be vertical, and therefore at right angles to the 
slider and to the bars. From what has been stated above, 
it will be seen that on establishing connection with the 
voltaic cell, the current flowing through the slider will 




generate a force tending to move it along the bars 
parallel to itself. This force could be utilized by attach- 
ing a cord to the slider, which, passing over a pulley, 
could be made to raise a weight. We have here the 
most simple case of transforming electrical into me- 
chanical energy. As soon as the slider begins to move, 
it cuts through lines of force, and, as was explained 
above, by this action a difference of potential is created 
A% its ends, or, as we can also express it, the slider be- 
comes the seat of an electro-motive force. A moment's 
reflection will show that this electro-motive force must be 
directed in opposition to the electro-motive force of the 
cell, for, were it not so, the original current would be in- 
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creased by the creation of this second electro-motive force, 
and we should thus obtain additional electrical energy 
and mechanical energy at the same time, which is clearly 
incompatible with the principle of the conservation of 
energy. If in a circuit there are two electro-motive 
forces, the current resulting from their combined action 
is proportional to their sum. Since, in this instance, the 
electro-motive force of the slider is opposed to that of the 
cell, we must consider it to be negative, in fact a counter" 
electro-motive force y and the resultant electro-motive force 
in the circuit will be E — e, if by jF we denote that of the 
cell and by e that of the slider. The resultant current 
is therefore foimd by dividing E — e by the total resistance 
of the circuit. As the slider moves along the bars, this 
resistance is evidently constantly increasing or diminish- 
ing, according to the direction in which movement takes 
place. Not to complicate the problem by the introduction 
6f a variable resistance, we shall therefore assume that 
the bars are so thick as to have practically no resistance^ 
and in that case the total resistance will consist only of 

that of the slider, the connecting wires, and the cell. Let 

■ p 

that be r as before, and we find the current c = by 

r 

Ohm's law. 

The mechanical energy exerted in raising the weight 
P with a velocity of v is per second : fF = Pv ; and that 
must be equal to the electrical energy which is the pro- 
duct of current and difference of potential between the 
ends of the slider. Let, as before, F represent the inten- 
sity of the field, and d the length of the slider, we have : 

JV= cFdv 

W^ ^ZllFdv, 
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and since e = F d v, we have also 

j^^E—Fdv p^^ 

r 

According to our former definition of intensity of field, F 
represents the number of unit lines of force passing 
through one square centimeter of surface between the 
bars, and rf i? is the surface swept over by the slider in 
one second. The product F d v represents, therefore, the 
number of unit lines cut by the slider per second. If we 
denote this number by z, we have also the following ex- 
pression for the mechanical energy represented by the 
raising of the weight : 

Txr F} — Z 

fr= Z. 

r 

This formula will be used later on for the determination of 
the mechanical energy obtainable with a given electro- 
motor. For the present it will be more convenient to re- 
tain the symbol e, and we write, 

1X7 F — e 

r 
Since e ^ F dv^ and P = c F d^we have the relation, 

-* "~" 9 

V 

from which it will be seen that with a constant speed 
and with a constant current the weight which the slider 
is capable of hauling up, and therefore its capacity of 
doing work, is directly proportional to the counter-electro- 
motive force. It will also be seen how mistaken is the 
notion that coimter-electro-motive force in an electro- 
motor is a loss, and that those well-meaning but confused 
inventors who strive to design motors which shall have as 
little counter-electro-motive force as possible, so as not to 
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check the flow of current which works the motor, would, 

if they were successful, obtain machines which could not 

give out any power at all. 

The energy given out by the cell is JE* c, that performed 

by the slider is e c, and the efliciency of our simple motor 

is therefore 

e 

» = -. 

In order to find the condition of maximum work per- 
formed, we form the differential quotient of Wy and equal 
it to zero, the variable being the counter-electro-motive 
force e. That gives, 

= — -^ = E—e + e — {E—e)y 
a e a e 

= E—2 Cy 

E 

If the speed of the slider be so regulated that its counter- 
electro-motive force is equal to half the electro-motive 
force of the cell, the maximum possible amount of 
mechanical work will be performed, the efficiency in this 
case being 50 per cent. 

E^ 

W max. = ^ " • 

In order to obtain that speed of the slider, we must re- 
gulate the weight P attached to the cord, so that, 

E jy_EFd ^ E 

If a heavier weight were attached to the cord, the 
current would be greater and the speed smaller ; if a 
lighter weight were attached, the current would be less 
and the speed greater. In both directions there exists a 
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limit which will be reached, on the one hand by reducing 
the weight to zero, when the speed will be a maximum, 
and, on the other hand, by using so heavy a weight that 
the slider cannot move at all, when the current will be a 
maximum. These limiting values can easily be obtained 
from the above formulas, and are as follows : 
Weight completely removed, 

E 

P = 0, c = 0, ^ = J?, r = . 

Fd 
Weight just balances force of slider, which remains at 
rest, 

p E Fd E 
r r 

On comparing these expressions with those found for the 
condition of maximum work, it will be seen that in the 
latter case the current is half as great as that obtained 
with the slider at rest, and the velocity half as great as 
that of the slider with the weight removed. The statical 
pull on the slider when doing maximum work is half that 
obtained with the slider at rest. 

These investigations, although at first sight they might 
seem somewhat abstruse, because no engineer would think 
of pulling up weights by the arrangement of a sUder as 
described, are nevertheless of great practical importance. 
Imagine that, instead of having a single slider, we place 
a number of wires on the surface of the armature of an 
electro-motor, and that we arrange to have a very intense 
field by the employment of steel or electro-magnets with 
suitable devices for commutating the current in the arma- 
ture wires, which enable us to transform the rectilinear 
motion of the slider into a continuous rotary motion ; and 
we obtain at once an eminently practical machine. This 
machine does not differ in principle from our simple sUder, 
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and all the general laws we have found above for the 
latter are therefore applicable to the former. Certain 
allowances will^ of course, have to be made on account of 
the usual mechanical resistances and losses common to 
all mechanism, and also on account of certain secondary 
actions and electrical losses or imperfections inseparable 
from the adaptation of an abstract or ideal machine for 
actual work ; but, in general, the laws deduced above 
hold good in practice. Thus we shall find, that if an 
electro-motor, having permanent field magnets (either of 
steel, or electro-magnets excited by a constant current), 
runs at a speed of 1,000 revolutions a minute when doing 
no external work, whilst supplied with current at a given 
electro-motive force, it will do a maximum of work when 
loaded to such an extent that its speed drops to about 
500 revolutions a minute, the electro-motive force re- 
maining the same. If loaded more and more, say by the 
application of a brake, the speed will be further reduced 
until the armature of the motor comes to a standstill. In 
this condition, the statical moment of the armature, or the 
torque as it is also called, will be twice as great as when 
running at 500 revolutions, and the current passing 
through it will also be twice its former value. This fact 
is of importance, as it enables us to calculate the starting 
power of the motor, a point of great interest in the appli- 
cation of motors to tramway or railway carriages. We 
must at once observe that so large a current should never 
be allowed to pass through the armature for more than a 
very few seconds ; and when in regular work, motors are 
generally so loaded as to run faster than half their idle 
speed, partly because the current corresponding to half- 
speed would still be excessive, and heat the wires too 
much, and partly because we are, as a rule, not content 
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with SO low an efficiency as 50 per cent. From the 
formula for the efficiency given above^ it will be seen 
that the nearer the counter-electro-motiye force ap- 
proaches to the electro-motive force of the source of 
current (a voltaic cell in our example), the nearer does 
the co-efficient of efficiency approach to unity. But to 
obtain a high counter-electro-motive force we must allow 
the motor to run at a high speed. 

It has already been shown how a slider, when moved 
across the lines of a magnetic field over two metallic bars^ 
can be made to produce a current in a wire joining the 
two bars. It has also been shown how a current sent 
from an external source into the bars, and through the 

Fig. 9. 




slider, will cause the latter to move and perform mecha- 
nical work. Let, in Fig. 9, A B^ C D, be the bars 
receiving the current, and Ai B^^ Ci D„ be the bars in 
which the current is originated by the movement of the 
slider a^ ft^, and it will be clear that by performing 
mechanical work on the latter slider, we can cause the 
slider a b to give out mechanical work by raising a 
weight, as explained above. We have here the most 
simple possible case of the electrical transmission of 
energy. The generating system, A^ B^^ Cy 2>i, can be at 
any distance from the receiving system, A B^ C Dy and 
all that is required are electrical connections (wires to 
carry the current) between Ai and jB, and between Ci and 
D. Let the intensity of the magnetic field be i^, at the 
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generator and F at the receiver, and let the pull applied 
at the generating slider be Pi, whilst that exerted by the 
receiving slider is P ; let also t?, and v be respectively 
their velocities, and e^ and e respectively the electro- 
motive forces, then the following equations evidently 
obtain : 

ei — e 





c = 


' r ♦ 




e, = 


F,d,i 


h. 




e = 


Fdv, 






^.= 


F,dy 


», — Fdv 


F,d^ 




r 


p = 


F,d, 


», — Fdv 


Fd, 




r 




Pi 


-F,d, 






P 


F d' 





This equation shows that the pull exerted on the gene- 
rating slider, and that given out on the receiving slider, 
bear a fixed proportion to each other which is indepen- 
dent of the speed, but depends on the intensities of the 
fields and on the dimensions rf^ d of the sliders. The 
energy expended at the generating system is 

Fyd^v, — Fdv 
JVi = F^ di vi , 

and that given out by the receiving system is 

F.diVi — Fdv 

JV= Fdv ' ' ' . 

r 

The ratio between the two, or the efficiency of transmission, 
is evidently 

_ Fdv 

If both systems are identical as regards dimensions and 
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strength of field, »i = - . This would be the case where 

two identical djnamos are employed, the one as receiver 
and the other as motor, both machines being series 
wound, so that the same current circulates around both 
sets of field magnets. In such cases it has been custo- 
mary to determine the electrical efliciency of the trans- 
mission of energy by simply determining the speeds, and 
taking their ratio. If no losses and no secondary actions 
would occur in the connecting wires and in the machines, 
no objection could be raised to this way of determining 
the efliciency ; but in practice there are some very 
serious objections to this method. In the first place, the 
two magnetic fields, although produced by the same 
magnetizing power, are not of absolutely equal intensity, 
because the magnetization of the armature produced by 
the current circulating through its coils has a certain in- 
fluence in altering the intensity of the magnetic field, 
and this alteration is diiFerent in a motor to what it is in 
a dynamo. In the second place — and this is a fatal objec- 
tion — any leak or loss of current taking place at some in- 
termediate point in the wires by which the machines are 
connected, instead of lowering the efficiency, as deter- 
mined by the speeds, has actually the eiFect of making it 
appear higher than it really is. This will become obvious 
by reference to the equation for the counter-electro-mo- 
tive force of the receiving machine. Since e =^ F d v^ any 
reduction in Fy consequent upon the loss of some of the 
magnetizing current through a leak in the line, has 
naturally the effect of increasing i?, the velocity of the 
receiving machine, and thus it may happen that through 
the development of a fault in the insulation of the line 
the ratio of speeds will increase, thus showing apparently 
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an increase of efficiency, whereas in reality the system 
has become less efficient. The variables in the above 
equations are Vy Viy P^ and P, ; the dimensions of the 
machines (or sliders) d and d^^ and the intensities of the 
fields being constant. Since the ratio between the static 
efforts, P and P^ is also a constant^ the number of 
variables is reduced to three, and, if two of these are 
given, the third can be found. As an example, we will 
take the case that the load P to be put on the receiving 
machine shall be given (say, for instance, the pull re- 
quired to haul up a train on a steep gradient, but neglect- 
ing for the moment the difference in pull caused by varia- 
tions of speed) and the speed v^ of the generating machine 
shall also be given. We require to know the power neces- 
sary to drive the generating machine, and the speed and 
energy developed by the receiving machine. From the 
equation for P, we find immediately the speed of the 

receiving machine, 

_ F\d, rP 

^ " ^^ F d ~ F"" d""' 
As will be seen, this speed is not directly proportional to 
the speed of the generator, and if the latter be increased 
the speed of the receiver will increase in a somewhat 
faster ratio. Since the ratio of speeds enters into the 
formula for the efficiency, it will be evidently advanta- 
geous to work the machines at the highest possible speed 
consistent with mechanical safety. On the other hand, if 
we lower the speed of the generator beyond a certain 
point the receiver will not be set in motion at all. 

This will happen if v^ -^rj" = p2 12 > ' 

_ rP 

""' " FdF.d; 
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In this case the efficiency is zero. The minimum speed 
of the generator is therefore dependent on the dimensions 
of the two machines and on the strength of the two fields, 
and is inversely proportional to the product of these four 
quantities. 

The mechanical energy which has to be applied to the 

generator is ^^ = P Vi ^-j'y 

and that obtained from the receiver is 



' Fd F^ d^' 
^Ee^difference between the two being lost. This loss, 

(P \2 

we must regard as energy transformed in a way not suit- 
able for the purpose in view. Since it does not appear in 
the shape of mechanical energy we must expect to find it 
appearing in the shape of heat, and this is indeed the 
case, as can easily be proved. It has been pointed out 
above that the static pull is the product of current, field- 
intensity, and the dimension of the machine. The 

P 
quotient ^r-^ represents, therefore, nothing else but the 

current flowing through the circuit, and the above term 
for the energy lost can also be written in the form 

r C^y 

which, as is well known, represents the heat developed 
by the passage of the current c through a circuit, the 
electrical resistance of which is r. Thus the whole of the 
energy applied at the generator is accounted for, partly 
by that given out by the receiver, and partly by that 
used up in heating the circuit. It need hardly be men- 
tioned that the formulas given here for the transmission 
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of energy refer to ideal machines which are free from all 
other losses^ both mechanical and electrical^ but that in 
.actual practice these other losses cannot be neglected, 
and considerably complicate the problems to be solved. 
The author, nevertheless, has thought it advisable to 
enter at some detail into the case of transmission of 
energy by means of ideal machines, not because the 
formulas obtained are immediately applicable to practical 
cases, but because they form the basis* of other formulas 
suitably altered for practical purposes, and which will 
be given in a subsequent chapter. The example cited is 
also intended to show how easily and simply the system 
of absolute electro-magnetic measurement can be applied 
to apparently complicated problems. Before leaving this* 
subject we must refer to the relation between electrical 
units in absolute measure and those units commonly 
used in practice. The units as given in the centimeter- 
gram-second system are of inconvenient magnitude for 
practical purposes ; some of them are so small that 
milUons and even larger figures are required to express 
quantities commonly dealt with in practical work, and 
others are, again, so large as to necessitate the use of 
fractions. We had already occasion tp refer to the three 
units most often occurring in electro-mechanical pro- 
blems, viz., current, electro-motive force, and resistance. 
The unit of quantity of electricity has also incidentally 
been mentioned as represented by that amount of elec- 
trical matter which a given current conveys in one second. 
For the sake of completing the list we must also mention 
a property of conductors called their capacity y by which 
term we mean their capacity or power to hold an elec- 
trical charge. The capacity is measured by the quantity 
of electricity with which a body can be charged under an 
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electro-motive force equal to unity. The relation between 
the so-called practical units and their equivalents in the 
centimeter-gram-second system is as follows : — 

Name of Electrical Quantity. 

Current strength . 
Electro-motive force 
Kesistance 
Quantity of electricity 

Capacity 



Practical Unit. 


x-qoiraieni c. 
Unit. 


. Ampere . 


. io-« 


. Volt. 


. 10* 


. Ohm 


. 10» 


. Coulomb , 


. 10-' 


parad 
* t Microfarad 


. io-» 


. 10- » 
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CHAPTER II. 

First Electro-motor — Professor Forbes* Dynamo— Ideal Alternating Cur- 
rent Dynamo— Ideal Continuous Current '^ID^namo — Siemens' Shuttle- 
Wound Armature — Effect of Self-induction — Experiments with Electro- 
motors — Hefner- Alteneck Armature— Gramme Armature — Pacinotti 
Armature — Electro-motive Force created in any armature. 

In the preceding chapter it was shown how mechanical 
energy can be converted into that of an electric cur- 
rent, and how the electric energy represented by a cur- 
rent flowing under a given difference of potential can be 
reconverted again into mechanical energy and do useful 
work. The apparatus employed for this double conver- 
sion was assumed to be of extremely simple form, in order 
to limit our investigation to the fundamental laws with- 
out obscurii^ these laws by the introduction of secondary 
actions and losses. It will now be necessary to confront 
the subject from a somewhat more practical standpoint, 
and to show how the conversion between mechanical and 
electrical energy can be obtained with machinery of a 
practical form. As a first step towards a practical 
solution of the problem to produce motive power by an 
electric current, we must consider Barlow's wheel,^ in- 
vented by Sturgeon and Barlow about sixty-five years 
ago. A star-shaped wheel was mounted on a horizontal 

^ Barlow, " On Magnetic Attraction." London, 1823. 
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axis and set over a trough containing mercury in such 
way that during rotation of the wheel one or two spokes 
were always dipping into the mercury. Fig. 10. A per- 
manent steel magnet N S was placed in such position 
that the lines of force joining its two poles passed trans- 
versely across the plane of rotation of the wheel, and upon 
sending a current through the wheel in the direction in- 
dicated by the arrows, rotation was produced in the oppo- 
site sense to the hands of a watch as seen from the side 
on which was placed the N pole of the magnet. It will 
be seen at a glance that this apparatus is nothing else 

Rg. 10. 




but our arrangement of a slider in rotary form, the lines 
of the magnetic field being in this case horizontal where 
they cut through the wheel. Each spoke is a slider 
coming successively into action as its extremity touches 
the mercury in the trough and is thus put in electrical 
connection vdth the rest of the circuit. It was also found 
that the experiment succeeded if, instead of a star wheel, 
a plain metallic disc was employed, the lowest point of 
the circumference just touching the mercury. In 1831 
Faraday reversed the experiment and obtained an 
electric current from a disc rotating between the poles of 
a magnet. Fig. 11. The magnet was so placed that the 
induction between* the poles, that is, the lines of force 

E 



Digitized 



by Google 



50 ELECTRIC TRANSMISSION OF ENERGY. 

passing from one pole to the other, should pierce the 
surface of the disc, and the current was taken off by 
contact springs on the axis and on the circumference ; 
the latter being placed on the radius of greatest induc- 
tion. Lately Professor George Forbes has constructed 
dynamos on the same principle, the only difference being 
that, instead of using a permanent steel magnet, he uses 
an electro-magnet which becomes excited by the current 
produced. Professor Forbes' machine ^ is remarkable for 
the very powerful current it produces as compared to its 

Fig. 11. 




small size. He has devised several modifications, but 
for our purpose it will be sufficient to describe one of his 
arrangements. The armature of this dynamo, which is 
illustrated in Fig. 12 in longitudinal section, consists of a 
wrought iron cylinder without any wire on it. The field 
magnet is a closed iron casing surrounding the armature 
on all sides, and containing two circular grooves of taper- 
ing section into which are laid the exciting coils E^ 
formed of insulated copper wire. If a cmTcnt passes 
through these coils, it produces lines of force which com- 
pletely surround each coil, and which pass partly through 
the iron shell C D forming the field magnet, and partly 
through the amiatm'e A. The general character of 

1 See " The Engineer " of July 17, 1885. The author is indebted to the 
editor of that paper for the use of the engraving. . 
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these lines is shown by the dotted curves. It will be seen 
that as the armature cylinder revolves it will become the 
seat of electro-motive forces acting at right angles to the 
lines, as indicated by the arrows, and if we provide rub- 
bing contacts at the ends of the cylinder we can obtain 
the current due to these electro-motive forces. The 




FOBBES NON-POLAK DYNAMO. 



contacts are arranged at the inner periphery of the 
exciting coils, and consist of a series of carbon blocks 
held in two copper rings, which are connected to the two 
terminal plates G G. The current is thus taken off all 
around the armature, and the latter contains absolutely 
no idle portion. This is one of the reasons why the 
machines are so powerful as compared to their size. The 
other reason is that the intensitv of the masrnetic field is 
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very great. As will be shown in a subsequent chapter, 
when the theory of continuous current motors will be 
given, the intensity of the magnetic field is the greater 
the smaller the clearance between the polar surface of the 
magnet and the core of the armature. In motors or 
dynamos, which contain copper wire coiled over the 
armature core, this clearance is necessarily greater than 
in Professor Forbes' dynamo, where the space between 
armature and magnet is just sufficient to allow of free 
rotation. The following figures will serve to give an idea 
of the relation between the size of these machines and 
their output of electrical energy. A dynamo having an 
armature six inches in diameter and nine inches in length, 
will, when driven at a speed of 2,000 revolutions a minute, 
give a current of 5,000 Amperes at a difference of poten- 
tial of two Volts. According to the inventor, an arma- 
ture four feet in diameter by four feet in length would 
produce an electro-motive force of sixty Volts when 
driven at a speed of 1,000 revolutions a minute. If we 
were to allow the current to increase, in the same proper^ 
tion as the area of the armature cylinder, this machine 
could produce 320,000 Amperes, and would require about 
30,000 h.-p. to drive it. The employment of such an 
enormous power and at the high speed of 1,000 revolu- 
tions is of course out of the question, but on purely theo- 
retical grounds it is interesting to notice how easily our 
simple experiment of the slider when suitably arranged 
in rotary form will lead to results which on account of 
their magnitude are quite beyond the capability of 
modem engineering. Dynamos similar to that just de- 
scribed are generally called Uni-polar Dynamos, Pro- 
fessor Forbes prefers the title Non-polar DynamoSy and 
with good reason, for, as was pointed out already in the 
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first chapter, a magnet with only one pole is a physical 
impossibility. All the dynamos of this class have the 
disadvantage of requiring to be driven at a very high 
speed in comparison to the electro-motive force they can 
produce. The reason lies in this, that the length of con- 
ductor cutting through the field is limited by the size of 
the armature. These machines are practically nothing 
else but dynamos having only one turn of wire wound 
on their armature core. An ideal machine of this kind is 
shown in Fig. 13. The field magnets N S are placed 

riff. 13. 




IDEAL ALTERNATING CUHBENT DYNAMO. 

horizontally opposite each other, and their polar surfaces 
are bored out. to form a cylindrical cavity within which 
one single turn of wire can be revolved by means of a 
crank. One end of the wire is joined to the axis A A, 
and the other to a metal sleeve My rubbing contact 
springs Bi B^ being arranged in order to take the cur- 
rent off the sleeve and axis respectively. The lines of 
force pass horizontally across the cylindrical cavity from 
NtoSy and those which are contained within the space 
swept by the wire are cut twice during each revolution. 
The effect is the same as if we had attached our slider to 
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a crank and by turning the latter had caused the slider to 
assume a reciprocating motion across the lines of the 
field. In that case, when the crank is vertical, that is, 
parallel to the lines of the field, the speed of the slider is 
a maximum, and therefore its electro-motive force is also 
a maximum. As the crank approaches either of its dead 
points, where it is horizontal, the speed of the slider and 
its electro-motive force diminish and become zero at 
the moment the motion is reversed. From what w^as said 
in the preceding chapter, it will also be seen that the 
direction in which the electro-motive force acts depends 
on the direction of motion, and the current produced must 
therefore be alternating. If we plot the angles of the 
crank on the horizontal, starting from any given position, 
say, for instance, from its position at the end of the 
stroke, and the electro-motive forces on the vertical, we 
obtain a graphic representation of the relation between 
these two quantities. In a uniform field, where the 
electro-motive force depends only on the speed of the 
slider, but not on its position in the field, the electro- 
motive force is evidently proportional to the sine of the 
angle of the crank, and is given by the expression 

E ^= F d (>i sin a, 
where « is the circumferential speed of the crank, and a its 
angular position, the other symbols being the same as before. 
It will be seen that JS" = o, for « = o and a = 9r, whilst for 

a=-ora = — -^E attains its greatest numerical value, 

being positive or negative according to the sign of the 
angle. The same relations obtain in the ideal alternating 
current dynamo. Fig. 13. If the crank is in the position 
shown, the wire is in the middle of the S pole piece and 
cuts the lines offeree at maximum speed ; if the crank is 
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vertical, the wire moves parallel to the lines, and its rate 
of cutting lines is zero. This position corresponds to the 
^d of the stroke with an oscillating slider. When the 
crank is again horizontal, but pointing to the left, the 
wire is in the middle of the iVpole piece, and again its 
speed across the lines, or its rate of cutting lines, and the 
electro-motive force are maxima, but the current will 
be in an opposite direction to what it was at first. If the 
crank be turned in the direction indicated by the arrow, 
the current will leave the machine at the contact spring 
Bi during the time the crank is on the right-hand side of 
the vertical diameter, and it will flow from B^ through 
the external circuit, and enter the machine at Bi during 
the time the crank is on the left-hand side of the vertical 
diameter. Let n be the number of revolutions per 

minute, then — 2 9r r = «, the circumferential speed of 

the wire, and the maximum of electro-motive force, irre- 
spective of sign, is evidently 

Now 2 r d h the total space swept by the wire, and 
F 2 r d is the total number of lines passing through that 
space ; let z be that number, and we find for the maxi- 
mum of electro-motive force the expression, 

^ n 

^ = ^. '^ 6b 1 

During one half revolution the electro-motive force in- 
creases from zero to this maximimi, and then decreases 
again to zero. As far as practical applications of the 
dynamo are concerned, it is not the maximum electro-mo- 
tive force which we require to know, but the mean electro^ 
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motive force, which acting during the same time as the 
variable electro-motive force, would cause the same quantity 
of electricity to flow through the circuit. Let, at any given 
moment, the wire occupy a position defined by the angle 
a from the vertical, and let it advance through an angle 
i a during the time J t, then the quantity of electricity 
flowing through the whole circuit of resistance i? is 
evidently 

F d CD sinai t 

^ = — ^ — , 

and since » = r 5- . . . . ? y = p stnaSa. 

During one half revolution a increases from zero to «r, and 
the integral of the above expression taken between these 
limits gives 

Fdr 
? = 2 ^ . 

The time occupied in this transfer of q units of electricity 
is f = — , and if, during that time, a constant electro- 
motive force .JE*^ were acting, the quantity transferred 
would be -^ . If this quantity is equal to q, we con- 
sider E^ the average electro-motive force, and its value is 
given by the equation 

E^ = ^ Fd(^. 

Since i^ rf « is the maximum electro-motive force generated, 
at the moment when the wire is cutting the lines of the 
field at right angles, we have also 

^^ = - ^. 
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Inserting the value for E from equation 1, we find the 
average electro-motive force 

^' = 2-^ 2 

z being, as before, the total number of lines contained in 

the space swept by the wire, whilst ^ is the number of 

revolutions per second. 

In the ideal alternating current dynamo represented 
in Fig. 13, the wire in which the currents are generated 
is arranged to one side of the spindle only. We could 
easily improve the design by carrying the wire symmetri- 
cally to the other side of the spindle, but insulated from 
it, and attach its end to a second metal sleeve insulated 
from M. The contact spring or brush B^ would then have 
to be set so as to touch this second sleeve, and since the 
electro-motive forces created in the two wires are at any 
moment in the same direction as regards the circuit — 
although opposite as regards a fixed point in space — this 
improved dynamo with two wires will give double the 
electro-motive force of the original arrangement. We 
could still further increase the electro-motive force by 
coiling the wire several times round the axis, forming a 
rectangular coil, each convolution being insulated from 
its neighbours, and if the number of turns counted on 
both sides of the spindle is iV^,the average electro-motive 
force will be 

E^ = 2zl^Nt. 

For most practical purposes, and especially for the trans- 
mission of energy, alternating currents are, however, not 
so convenient as continuous currents, and to produce 
them it will be necessary to add to our dvnamo a device 
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by which the cuiTents are all directed to flow in the same 
sense as far as the external circuit is concerned. Such a 
device is the commutator^ and its action can be explained 
by reference to Fig, 14. In the position shown, the' 
electro-motive force created in the wire a b will be 
directed towards the observer, and that created in the 
wire c d will be directed from the observer. The ends 
of these wires are joined at the back by a cross connec- 
tion a c, and at the front by two wires d f and h g^to 
the two halves of a metal cylinder, which for the purpose 

tig. 14. 



IDEAL CONTINUOUS CURBENT DTNAMO. 

of insulation are secured on a wooden hub. The electro^ 
motive forces created m d c and a h tend to draw a cur- 
rent from the line in the direction of the arrow to the 
brush -B,, thence through f d^c a^h g^ to the brush B^^ 
and out again into the external circuit. This process will 
go on until the crank reaches the lower vertical position, 
the strength of the current meanwhile decreasing to zero. 
When the crank is vertical, each brush touches simul- 
taneously both halves of the metal cylinder or com- 
mutator, as it is technically termed, and a moment later 
the connections become reversed, the brush B.^ now 
touching the half cylinder to which the wire / is at- 
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tached, and the brush B^ touching the half cylinder to 
which the wire g is attached. But^ at the same time, the 
direction of electro-motiye force in the two wires has been 
reversed, the wire c d entering the right-hand side of the 
field, and a h entering the left-hand side. Consequently 
the external current flows in the same direction as before, 
growing from zero to a maximum when the? crank stands 
horizontally on the left, and again diminishing to zero 
when it is vertical. Graphically represented, the current 
is of the character shown by the curve. Fig. 15, the 
abscissae being consecutive angles of the crank, and the 
ordinates being proportional to the sines of these angles. 




It should be noted that the reversal of current always 
takes place when the electro-motive force is zero, and con- 
sequently the change in the contact with the brushes from 
one commutator plate to the other takes place without 
sparking. To increase the power of the machine, we can 
replace the single rectangle of wire by a coil of many 
turns. Fig. 16. Hitherto we have tacitly assumed that 
the space contained within the wire coils forming the 
armature contains air or other non-magnetic substance* 
The lines of force passing between the polar surfaces 
8 N have to leap across a considerable air space, and if 
by some means we could shorten that portion of their 
path which lies entirely in air, we would facilitate the 
flow of lines and increase the strength of the magnetic 
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field. Roughly speaking, we may take it that air offers 
to the lines of force about 700 timeis the resistaijee of 
iron, and if we can contrive to fill part of the space 
between the polar surfaces with iron, a considerable in- 
crease of electro-motive force, and consequently of current, 
will be the result. The space available for this purpose 
is that contained within the armature coil ; in other 
words, to increase the power of the machine we must 
wind the armature coils over an iron core. An early 
dynamo constructed on this principle is that of Siemens, 
invented in 1855, and provided with the so-called shuttle- 
wound armature. The core consists of an iron cylinder 

Fig. 16. 




provided with two deep longitudinal grooves placed oppo- 
site so that the cross-section resembles a double T with 
rounded heads. The wire is wound into these grooves, 
and the two ends of it are joined to the plates of a two- 
part commutator. Fig. 17 shows a cross-section of this 
armature. In the first machines the core was in one 
solid piece, but it was found to heat considerably on 
account of internal currents. It is well known that if a 
solid body of metal be rapidly rotated between two 
powerful magnet poles it becomes hot. The reason for 
this phenomenon is that the outer portions of the metal 
in cutting through the lines of force become themselves 
the seat of electro-motive forces acting at right angles to 
the direction of motion and to the lines, and powerful 
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currents are started parallel to the axis which run in 
opposite directions, up on one side and down on the other 
side of the axis. In a solid armature core there is 
nothing to check the flow of these currents but the re- 
sistance of the metal, which, on account of the large 
cross-sectional area, is extremely low. These wasteful 
currents are consequently very strong, and not only 
absorb much power, but they also weaken the current 
generated in the copper wire by induction. To avoid 
their creation, it is necessary to subdivide the mass of the 
core by planes at right angles to the axis, and to insulate 
as much as possible the subdivided portions from each 

Fig. 17. 




SIEMENS SHUTTLB-WOCND ARMATURE. 

other. This can be done either by cutting deep narrow 
circular grooves in the core, or by building it up of thin 
discs insulated from each other either by paper discs or 
by being coated with some insulating paint. These arma- 
tures are not much used for dynamos at the present day, 
having been replaced by more perfect forms to be de- 
scribed presently; but they are still extensively employed 
for small electro-motors. By referring to Fig. 15 it will 
be seen that the counter-electro-motive force of these 
motors is a variable quantity depending on the angular 
position of the armature. If the heads of the double 
T core are opposite the field magnet poles, the coil is at 
right angles to the lines of force and the counter-electro- 
motive force is zero. This happens precisely at the momen t 
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when the brushes touch simultaneously both plates of 
the commutator, and are therefore short circuited. A 
current sent through the motor while at rest in this 
position cannot start it, and this condition is expressed by 
saying that the armature has two dead points. When at 
work the momentum of the armature is suflScient to carry 
it over the dead points, and, apart from the inconvenience 
to have to start the motor occasionally by hand, these 
dead points present no mechanical imperfection. But it 
might be thought that they present a serious electrical 
imperfection for the following reason : The strength of 
the current which is allowed to pass through the motor 
at any given moment depends partly on the electrical 
resistance of the motor, and partly on its counter-electro- 
motive force at that particular moment. But since at the 
dead points there is no counter-electro-motive force, the 
strength of the current will be a maximum, whilst at 
those moments the mechanical energy produced is nil. 
We assume here that the motor is fed by a current flowing 
under a constant electro-motive force, which is the case 
most commonly met with in practice. We have now to 
distinguish between two cases : the motor may be either 
series wound or shunt wound. If the former, the current 
in passing through the motor whilst the armature is at a 
dead point has only to overcome the resistance of the 
field magnet coils. If the armature is in the position of 
greatest counter-electro-motive force the current has to 
overcome not only that, but also the combined resistance 
of field magnet and armature coils. In that position the 
mechanical energy of the armature is at its greatest 
value, but the strength of the curreiit is a minimum. We 
find, therefore, on the one hand, that the strength of the 
field magnets (which depends on the current) is least at 
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the very moments when the armature is in a position 
to exert most power, and on the other hand, that it is 
greatest when the armature is at its dead points and can- 
not exert any power. From the foregoing we should 
expect that twice during each revolution a great waste 
of current must take place when momentarily the brushes 
are short-circuited by the commutator. Although the time 
during which such short circuits lasts may appear to our 
senses very brief, it would in comparison with the speed 
of electric phenomena be still considerable, and have an 
appreciable effect on the economy of the motor. But 
there is one circumstance which greatly tends to mitigate 
the evil effect of the dead points just described, and this 
is the property of electric currents called self -induction. 
It can best be described as a kind of inertia opposing 
any sudden change in the strength of the current. If a 
circuit contains a coil of wire surrounding iron, as in the 
present case, the field magnets, the self-induction is so 
great that it requires an appreciable time to change the 
strength of the current. The increase of current at the 
dead points is, therefore, checked by this property of self- 
induction, and the current, instead of being subjected to 
abrupt and violent changes, becomes simply undulatory. 
The case is different if the motor be shunt-wound and 
fed from a source of constant electro-motive force. Since 
the field magnet coils are excited independently from the 
current which passes through the armature, their self- 
induction cannot in any way steady that current, and 
abrupt changes in its strength and great waste of 
electrical energy must occur at the dead points. This is 
a matter of considerable practical importance, and shows 
that motors with shuttle-wound armatures should never 
be used coupled up otherwise than armature and field 
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magnets in series. If it be absolutely necessary to use a 
motor of that class, the field magnets of which are either 
permanent steel magnets or are electro-magnets excited 
independently, the waste can to a certain extent be pre- 
vented by inserting into the armature current an electro- 
magnet which will by its self-induction steady the current. 
Since this point is of importance, the author has thought 
it necessary to verify the above theory by experiments. 
These were imdertaken with a twofold object. First, to 
prove that in a series-wound motor there is no appreciable 
waste of current at the dead points, and, secondly, to 
prove that in a motor the field magnets of which are 
separately excited, such waste occurs. The experiments 
were carried out as follows. Two small Griscom motors 
were placed in line behind each other, and their spindles 
were coupled, so that the armatures stood at right angles 
to each other, that is to say, when one armature was at its 
dead point the other was in the position of best action, 
and its counter-electro-motive force was a maximum. 
This disposition is represented in Fig. 15 by the dotted 
curve overlapping that shown in full lines by 90®. The 
resultant counter-electro-motive force is at any point the 
sum of the ordinates of the two curves, and is shown by 
the undulating line ab. It will be seen that this curve 
nowhere touches the horizontal and, therefore, the total 
counter-electro-motive force of the two motors coupled in 
series never is zero. An abnormal rush of current at the 
dead points of any of the armatures can, therefore, not 
take place. The motors were supplied with a current, 
the electro-motive force of which was kept as nearly as 
possible constant during each experiment, whilst the 
mechanical energy developed was measured on one of the 
author's absorption dynamometers. The commercial effi- 
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ciency of the two motors combined was thus ascertain ed^ 
as shown in Table I. The motors were then coupled 
parallel, and their efficiency was determined under the 
same conditions. In this case there were, during each 
revolution, four dead points, at which the coimter- 
electro-motive force was zero, and when an. abnormal 
rush of Current couM take place if not checked by the 
self-induction of the magnet coils. As was to be ex- 
pected, the current passing through both motors was about 
double, and its electro-motive force was about half of 
the former values. But the commercial efficiency was 
about the same. Table II. One motor alone was then 
tried, and its commercial efficiency was found to be about 
the same as that of the two motors combined. Table 
III. The field magnets of both motors were then excited 
separately, and the armatures coupled at right angles 
and connected in series, as per Fig. 15, when the com- 
mercial efficiency was found to be rather higher than in 
the former experiments. Table IV. This is but natural, 
because the energy necessary to excite the field magnets 
was not taken into account when calculating the efficiency. 
The two armatures were then coupled parallel — field 
magnets still independently excited — and thus during 
each revolution there were four points where the coimter- 
electro-motive force was zero and waste of current did 
take place, as is clearly shown by the low efficiency in 
Table V. One motor alone was then tried under the 
same conditions and the same result was found. Table 
VI. These experiments prove conclusively that our 
above reasoning about the effects of the dead points is 
correct. 
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Test of Two Griscom Motors, Numbers 1017 and 1027. 



Resistance of . 


. N« 1017 . 


. NM027 


Armature 


•328 , 


•352 


Magnets 


•596 . 


•522 


Total . 


•924 . 


•874 



Table L Armatures Coupled at Right AngleSy both Field 
Magnets and Armatures connected in Series, 



Berulotioiis per 
minute. 


.Corrent. 


E,M.F, 


Foot Founds 
on Brake. 


\yODim erciftl 
Efficienc]r%. 


19-0 
21-7 


2,440 
2,368 
2,440 


1-31 
3-85 
3^50 


6^90 
18^20 
16-00 



588 
535 



Table II. Armatures Coupled at Right Angles. Each 
Armature in Series with its Field. Both Motors connected 
Parallel. 



Bevolntiont per 


Current. 


E. M. F. 


Foot Pounds 


Commercial 


minute. 






on Bralie. 


Efficiency %. 


2,120 


2-35 


2-94 








2,480 


5^25 


6-05 


206 


14-7 


2,775 


6-60 


7-57 


432 


19-5 


2,340 


6-80 


7-52 


366 


L6-3 


2,060 


7-50 


7-63 


450 


180 


2,884 


7-90 


9-27 


748 


23-0 


2,328 


7-60 


8-50 


578 


210 
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Table III, One Motor only. Armature and Field Mag- 
nets connected in Series, 



Berolntioiu per 


CnrrGnt. 


E. M. F. 


Foot Founds 


Commercial 


minute. 






on Brake. 


Efficiency %. 


1,980 


1-02 


! 4-00 








2,024 


4-15 


1 8.20 


303 


28-0 


1,772 


415 


8-40 


265 


17-0 


2,334 


4-22 


! 9-25 


381 


22-3 


1,954 


3-82 


8-10 


246 


180 


2,241 


3-70 


8-25 


283 


20-9 


2,118 


3.50 


7-60 


240 


20-5 


2,070 • 


5-37 


1 12-00 


532 


18-6 



Table IV, Armatures coupled at Right Angles and Con- 
nected in Series. Field Magnets excited separately. 



Revolutions per 
minute. 


Current. 


E. ILF. 


Foot Founds 
on Brake. 


Commercial 
Efficiency %. 


1,536 


1-42 


7-20 








2,030 


3-30 


1110 


370 


22-8 


1,632 


3-10 


9-50 


300 


23-2 


2,190 


3-70 


12-90 


483 


22-7 


2,264 


3-93 


13-40 


500 


21-4 



Table V, Armatures Coupled at Right Angles and Con- 
nected in Parallel. Field Magnets excited separately. 



Berolutions per 


Current. 


E. M. F. 


Foot Pounds 


Commercial 


minute. 






on Brake. 


Efficiency %. 


2,000 


3-90 


4-40 








3,040 


4-50 


5-20 








1,094 


7-50 


5-50 


242 


13-3 


1,746 


8-50 


6-60 


385 


15-6 


1,680 


9-10 


7-50 


396 


13-1 
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Table VL One Motor only. Field Magnets Excited 
Separately. 



BeTolations per 
minute. 


Current. 


E. M. F. 


Foot Founds 
on Brake. 


Commercial 
Efficiency %. 


1,778 ' 

2,330 

2,422 


1-65 
4-80 
4-75 


3-80 
5-60 
5-80 




87 
126 




7-4 
10-3 



As already mentioned, motors with ordinary, shuttle- 
woimd armatures have the disadvantage of requiring to 
be started by hand if they happen to have stopped on b, 
dead point. They are, consequently, only made of 
small size, and for larger motor armatm*es without dead 
points are used. Such an armature can be evolved out 
of the simple shuttle-wound pattern by employing two 
sets of coils placed at right angles to each other. This 
arrangement is shown in Fig. 18, which represents the 
Hefner- Alteneck winding invented in 1872. In order to 
avoid complication the shaft is omitted and the core is 
indicated by two dotted circles. From what has already 
been explained it will be seen that in all those wires 
which at a given moment lie on the right hand side of the 
vertical centre line, the electro-motive force is directed 
towards the observer, and in all the wires lying to 
the left of that line it is directed from the observer. 
The diameter of commutation joining the points of con- 
tact of the brushes with the commutator cylinder will, 
therefore, be horizontal. In the position shown the nega- 
tive, or left brush, will touch segment -D, and the right 
or positive brush will touch segment B. The current 
enters the armature at the negative brush and splits into 
two circuits as follows : — One portion goes through VII., 
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7, 8, VITI., I., 1, 2, II., and out by the positive segment 
B ; the other goes through VI., 6, 5, V,, IV., 4, 3, III., 
and out by the same segment B. The two currents are, 
therefore, in parallel connection. When the armature 
has turned so far as to bring the segment C into contact 
with the negative brush it will touch for a short time 
both segments D and C, whilst the positive brush will 

Fig. 18. 




HBFNER-ALTENECK ABM^TUBE. 



simultaneously touch A and B. In this position the 
wires I., VI., V., II. will be in the strongest part of the 
field, and the wires VII., IV., III., VIII. will stand on 
the vertical diameter and contribute nothing towards the 
total electro-motive force. The current now splits into the 
following two circuits: From D to VI., 6, 5, V., to Ay 
aod from C to I., 1, 2, II., to B. In this case the total 
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electro-motive force is that due to two wires in the position 
of best action^ whereas in all the other positions it is due 
to four wires. It has been shown above that the average 
electro-motive force of a loop such as I., 1, 2, II., con- 
sisting of two external wires {Nt = 2) is 

Since two such loops are placed in series, we find the 
average electro-motive force of the whole armature 

60 
But 8 is the number of wires counted all round the 
armature ; and if, instead of a four-part commutator, we 
had employed a six-part commutator, and had wound the 
core with three sets of double coils, we would have three 
coils in series and the expression for Ea would have been 

Ea = \2 Z — , 
60' 

there being twelve external wires on the armature if 
counted all around. We might thus construct armatures 
with any even number of external wires. Let Nt be that 
number, and we have the general expression for the 
electro-motive force created in the armature of a dynamo, 
or the counter- electro-motive force created in the armature 
of a motor : 

^« = ^^^^ ^ 

For the sake of simplicity we have, in Fig. 18, only shown 
one wire to each coil. It is, however, obvious that by 
multiplying the turns or wires in each coil the electro- 
motive force can be proportionately increased. This case 
is provided for in formula 3, where N signifies the number 
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of coils, and t the number of turns in each coil, the pro- 
duct of the two being equal to the total number of single 
wires if counted all around the armature. An armature 
of the Hefner- Alteneck pattern with eight-part commu- 
tator, is shown in Fig. 1&. Denoting by Koman figm*es 
the ends of the wires on the front end of the armature. 




3 -14 

HEFNER-ALTEXnSCK ABHATUSE. 

and by Arab figures those on the rear end, the winding is 
as follows : 

II., 1, 2, IL, IIL, 3, 4, IV., v., 5, 6, \ 
VI., VII., 7, 8, VIII. To the 

XVI., 16, 15, XV., XIV., 14, 13, [positive 
XIII., XII., 12, 11, XI., X., 10, brusL 
9, IX. ; 

The greater the number of parts in the commutator the 
more nearly constant will be the electro-motive force and 
current. This system of winding armatures has the great 
advantage of utilizing nearly the whole length of the 
wire, since, with the exception of the cross connections at 
the ends, all the wire is active. But it has the practical 
disadvantage that repairs are troublesome to execute. If 
a fault of insulation should develop in any of the coils. 
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in order to reach it a large portion of the wire must be 
taken off, because the coils — especially at the ends — 
overlap each other in many layers. In this respect the 
style of armature known as the Gramme, or Pacinotti 
type, is preferable. A circular iron ring, Fig. 20, is 

Fig. 20. 




GRAMME ARMATURE. 



wound with a continuous helix of insulated copj^er wire, 
and certain points of the helix are joined by connecting 
wires, which in our illustration are shown radial, to the 
commutator plates. Two brushes, -Bi and -Bg, serve as 
connections between the external circuit and the armature 
wire. The action of the Gramme armature will best be 
explained by reference to Fig. 21, which shows the lines 
of force. It has already been pointed out that iron offers 
very much less resistance to the passage of magnetic lines 
of force than air. If there be no armature between the 
field magnet poles, we assume that the majority of the 
lines will go straight from pole to pole. Fig. 22. If now 
a circular core is inserted, their course will be so altered 
that each line takes the path of least resistance — that is, 
runs as long as possible in iron, and only leaps across the 



Digitized 



by Google 



FIELD OF DYNAMO. 



73 



air at the external circumference of the core, because this 
is the only way in which it can enter the pole piece. 
Fig. 23. At the internal circumference of the armature 

Fig. 21. 




there is no necessity for the lines to leave the core, and 
the central space is therefore almost free of lines. We say 
almost, because parallel lines exert a repelling action upon 

Fig. 22. 



,*■! r, r..-.."i.-' 
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VIELD OF DYNAMO WITH ARMATURE REMOTBD. 

each other, and it may happen that in case the core is thin, 
and a large number of lines have to be accommodated, 
sonae of them may be elbowed out into the central space. 
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In well-designed machines the number of lines thus forced 
across the central space is always so small as to be 
omissible. The fact of the central space being free 
from lines ; or, as we may also put it, being shielded by 
the iron of the core from the influence of the magnet 
poles is of great importance, since in consequence ^f it 
the inner wires of the helix are removed from all induc- 
tive action. If this were not the case electro-motive 

Fig. 23. 
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FIELD OF DYNAMO WITH ARMATDIUE INSERTED. 

forces would be created in these wires, which, being 
opposed to the electro-motive forces developed in the 
external wires, would weaken the power of the machine. 
After what has been explained at length with reference to 
the ideal continuous current dynamo. Fig. 14, it will be 
easy to trace the direction of electro-motive forces in the 
external wires of the Gramme armature. Fig. 20. If 
rotated clock-wise, the electro-motive force will be directed 
towards the observer in all the wires lying to the rigbt of 
the vertical centre line, and from the observer in the wires 
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on the opposite side. The two currents resulting from 
these forces are indicated by the arrows. In the wires 1 
and 7, which for the time being move parallel to the direc- 
tion of the lines of force, there is no electro-motive force 
generated, whilst in 4 and 10, which move at right angles 
to the lines, the electro-motive force is a maximum. By 
virtue of the continuity of the helix the electro-motive 
forces in the wires 2, 3, 4, 5, 6 are added, and those in 12, 
11, 10, 9, 8 are also added, the two circuits being at all 
times in parallel connection. The curreiit enters the 
armature at the brush B^^ which is called negative, then 
splits into the two circuits mentioned, and uniting again 
at the brush jBi, which is called positive, leaves the 
armature, and enters the external circuit. It will be 
seen from the figure th'at either brush, when touching two 
consecutive plates of the commutator, establishes a 
metallic connection between the beginning and end of the 
corresponding coil, or, in technical language, short circuits 
that coil. If the brushes are in the position shown — the 
neutral diameter on the commutator — the short circuit is 
perfectly harmless, because there is no electro-motive 
force in the coil ; but if we were to shift the brushes into 
an active part of the field either to the right or left of the 
neutral line, each coil, as its extremities pass under the 
brush, would be traversed by an excessive current, 
causing heavy sparking at the brush, and probably the 
ultimate destruction of the armature. The best position 
at which to place the brushes is always found experimen- 
tally ; it does not accurately coincide with the geometrical 
neutral line, but is found to be in dynamos slightly in 
advance of it, and in motors slightly behind it. Opinions 
are divided as to the reason of this phenomenon. At one 
time it was ascribed to a certain sluggishness in the iron 



Digitized 



\ 



by Google 



76 ELECTRIC TRANSMISSION OF ENERQ^ 

of the core in taking up and losing magnetism^ but this 
theory has long since been discarded by most practical 
electricians. Some hold that the shifting of the neutral 
line is due to the magnetizing influence of the armature 
current upon the iron core by which the latter is trans- 
formed into a double horseshoe magnet with like poles 
joined^ and the magnetic axis of which stands nearly at 
right angles to that of the field magnets. Others again 
maintain that the brushes must be set forward in a 
dynamo and backward in a motor, on account of the in* 
fluence of self-induction in the armature coils. It is pro- 
bable that both the last-mentioned causes have something 
to do with the position of the brushes, as will be more 
particularly explained in Chapter IV. 

The first electro-motor having an armature wound on 
the principle above explained, was constructed by Pro- 
fessor Pacinotti, of Pisa, and the design was published in 
the journal " II Nuovo Cimento," in 1864. This machine 
is illustrated in Fig. 24, and the core of the armature 
differed only in so far from that employed by Gramme 
seven years later, as it had external projections between 
the wire coils, which considerably increased the magnetic 
attraction between the armature and the pole pieces, thus 
rendering the machine more powerful. Fig. 25 shows 
part of the core and winding. The core of the Gramme 
machine consists of iron wire coiled into a ring of oblong 
cross-section. After being lapped round with tape for 
the purpose of insulation, it is wound transversely with 
cotton-covered copper wire. The winding consists of a 
number of coils which cover the core completely inside 
and out, and the beginning of each coil is joined with the 
end of its neighbour to the same commutator plate. When 
the winding is completed ^he armature is driven tight 
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OTer a wooden centre by which it is fastened to the 
spindle. 

By means of the fundamental formulas established in 
the previous chapter^ we can now determine the electro- 
Fig. 24. 




motive force of a Gramme armature. Let D be its dia- 
meter, h its length, and a the radial depth of the core. 

Fig. 25. 




PAOIKOTTI ABMATUBB. 



Let Nt represent the total number of external wires, 
counted all around the circumference, t representing the 
number of wires corresponding to one plate in the com- 
mutator, and N the number of plates. If n denotes the 
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speed in revolutions per minute, and z the total number 
of lines emanating from one pole and entering the half 
circumference of the armature, then the average electro- 
motive force created in each wire is by equation 2, 

JE^ = 2 z - . 
60 

Since — wires are for the time being connected in 

series, the average total electro-motive force in the arma- 
ture is 



Ea^zNt^^ 



It might be objected that this expression, which is based 
on equation 2, will only be correct if the condition under 
which this equation was obtained is fulfilled in the 
dynamo. This condition was that the field should be 
perfectly uniform throughout the space occupied by the 
armature. In reality this is never the case. The lines 
are more dense at the comers of the pole pieces, but the 
exact distribution is not accurately known. A doubt 
might therefore be entertained whether equation 4 be 
rigorously true in the case where the intensity of the field 
is not uniform, but varies in different parts of the field. 
It will consequently be desirable to deduce the formula 
for the electro-motive force under the supposition that 
the intensity of the field in any point on the circumference 
of the armature, is a function of the angle, a, which the 
radius to that point forms with the neutral line. What 
that function is we cannot say, nor is it necessary that 
we should be able to define it. We only make this 
assumption: that there shall not be any abrupt changes 
in the strength of the field. We assume that the density 
of lines varies gradually from place to place. Assume 
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also the number of wires on the armature so large, that 
their angular distance A a is very small, in fact so small 
that the intensity of the field can be considered as con- 
stant within that angular distance. Since the electro- 
motive force created in the wires is proportional to their 
speed, we can determine it for any convenient speed, and 
if it be required for a different speed, we can obtain it by 
multiplying the result first obtained with the ratio of the 
two speeds. In the present instance we fix as a conve- 
nient speed that which will bring each wire at the end of 
one second into the position occupied by its immediate 
neighbour at the beginning of the second, or 

r = A a ^- 

This is a very slow speed, and if we wish to kno^ what 
wiU be the electro-motive force at the faster speed of n 
revolutions a minute, we shall have to multiply the 
electro-motive force at the low speed with the ratio of 

r^ . 9r . Z> and v. Since A a iVf — 2 9r we have also 
oO 

^ TT D and the ratio of the two speeds is 

"" " W 

60 ■ 

—— = ^^60 

Nt 

Let Fly i^j . . . ^^^' be the intensity of the field at the 

Nt 
first, second, ... - wire, counted from the neutral line, 

on one-half of the circumference of the armature, then 
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the electro-motive force in these wires will be given by 
the expressions^ 



E lit = FlU b V, 

2 2 

The sum of all these forces gives the total electro-motive 
force created within the armature, which we denote in 
future hj E*. 

Em = 1 Fbv. 
But the expression Fib v represents the number of lines 
contained between the first and second wire on the arma- 
ture, since Fi is the density, and b v the area of the space 
swept by the first wire in one second. Similarly F^b v 
represents the number of lines between the second and 
third wire, and so on, the sum of all these expressions re- 
presenting the total number of lines entering between the 
first and last wire on one-half circumference of the arma- 
ture. Let 2 be that total number, and we find for the 
electro-motive force at the low speed, 

Em = Z. 

At the high speed we have, therefore, 

E. = zNt^, 4) 

precisely the same expression as already obtained above. 
If z be inserted in absolute measure, Em will also be 
obtained in absolute measure, and to obtain it in volts the 
right side of the equation must be multiplied with 10 -®. 
We can also write 
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and if we measure the field intensity by means of a unit 
6,000 times as great as the absolute unit, we can fur« 
ther simplify the equation to 

E^=z Z Ntn 10-% 5) 

Z being the total number of lines in the new system, 
which is related to the absolute system by the equation 



6000 

The cross-sectional area of the armature core is 2 a i, and 
if we denote by m the average density of lines per square 
inch of armature core, we have, 

Z :=^ 2 ahm, 

and inserting this value in 5), we find for the electro- 
motive force also the expression, 

JS^== 2 abmNtn lO"' 6). 

This expression is sometimes more convenient than the 
former, because it enables us at once to see how the 
dimensions of the armature affect the electro-motive force. 
Experience has shown that the density of lines, m, in the 
core cannot exceed a certain Umit, which is reached when 
the core is saturated with magnetism. This limit is 
m = 30, but in practical work a lower density is gene- 
rally adopted, for reasons which will be explained in the 
following chapter. A fair average value in good modem 
dynamos and motors is m = 20, and the area, a i, must 
be taken as that actually filled by iron, an4 not the gross 
area of the cote. To avoid waste of power and heating, 
the armature core of dynamos and motors must be sub- 
divided into portions insulated from each other, the planes 
of division being parallel to the direction of the lines of 
force. The space wasted by such insulation must be de- 
ducted from the gross area of the core, and the remainder 

G 
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— ^from 80 to 90 per cent, of it — is the portion actually 
carrying lines of force. 

The electrical energy developed in the armature, if a 
current c be flowing through its coils, is J?, c, and the 
horse-power represented by this energy is 

H-P =z^c2abmNtn lO"*. 

The power to be applied must naturally be somewhat in 
excess of this in order to overcome mechanical resistances, 
as friction in the bearings and air resistance, and also the 
magnetic resistance due to imperfect subdivision of the 
core, and reaction of the armature on the magnets. In 
good dynamos these losses amount to about 10 per cent. 
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CHAPTER III. 

Reversibility of Dynamo Machines — ^Different conditions in Dynamos and 
Motors — Theory of Motors — Horse-power of Motors — Losses due to Me- 
chanical and Magnetic Friction — Efficiency of Conversion — Electrical 
Efficiency— formulas for Dynamos and Motors. 

Afteb what has been explained in the previous chapters 
it will be evident that dynamo machine and electro-motor 
are convertible terms. Any dynamo can be used prac- 
tically as a motor, and in most cases any motor can be 
used to generate a current. On purely theoretical grounds 
this should be possible in all cases, but in practice it is 
found that the speed which is required to make some 
small motors act as self-exciting dynamos is so high as to 
render that application mechanically impossible. The 
reason for this is, that in small motors the polar surfaces 
are of very limited extent, and consequently the magnetic 
resistance of the path traversed by the lines, of force is 
excessively high, requiring more electrical energy to 
excite the field magnets than the armature is capable of 
developing at a moderate and practical speed. This point 
will be more fully explained further on. For our present 
purpose it suffices to note that on purely theoretical 
grounds the same machine can act as a motor or as a 
dynamo. A separate investigation as to the theory of 
motors might, therefore, almost seem superfluous. But, 
on the other hand, experience has shown that although 
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this reversibility of the dynamo machine exists, it is not 
always the best dynamo which makes the best motor, and 
that certain details have to be altered according to the 
use for which the machine is intended, if we wish to pro- 
duce the best possible machine for each purpose. The 
conditions which have to be fulfilled in the case of 
dynamos are also generally different from those required 
in motors. The dypamo must have a high efficiency, it 
must be able to work continuously without undue heat- 
ing in any of its parts, must not be injured by an occa- 
sional excess of current, and must work equally well at 
extreme variations of electrical output. Its weight is, as 
a rule, of secondary importance, and in many cases there 
is no objection to large weights. The motors, on the 
other hand, are generally required to be of the smallest 
possible weight, they work intermittently, and high effi- 
ciency, although desirable, is not of so much importance, 
especially not in small motors. In the early days of 
electric transmission of energy the difference between the 
conditions in dynamos and motors was overlooked, and 
the usual arrangement was to employ two identical 
machines, one acting as generator, the other as receiver, 
but at the present time this rough-and-ready method docB 
not satisfy all the requirements which can justly be made, 
and special motors must be provided. It has thus be- 
come necessary to study the theory of motors apart from 
that of dynamos. 

Let in Fig. 26, N She the pole pieces and -Dthe mean 
diameter of the annular space filled by the external wires 
on a cylindrical armature of the Gramme or Hefiier- 
Alteneck pattern. Let, as before, b represent the length 
of the wire and F the intensity of the field at a given 
point i?, the radius to which forms with the neutral line 
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the angle a. All the wires on the upper half of the arma- 
ture will be traversed by currents flowing in the same 
direction, say from the observer, and all the wires on the 
lower half will be traversed by currents flowing towards 
the observer. Let c be the current in each single wire 
and let there be Nt external wires counted all around the 
circumference. If these wires lie close together with 
only as much space between them as is necessary for 

Fig. 26. 




mutual insulation, the effect of the current c traversing 

Nt 
successively the — wires on 6ne half of the circumference 

will evidently be the same as that of a semicircular sheet 

Nt 
of current of total strength! — e, the width of this sheet 

td 

measured transversely to the direction of flow being — -. 

The density of current in the sheet, that is, the strength 

of current per unit of width, is — c : — = — -J 

and the current flowing down an elementary section 
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at Ry the angular width of which (A a) we take to be 
very small, is, 

Ntc D ^ 

The mechanical force tending to rotate the elementary- 
strip of our sheet of current in the direction of the arrow 

is 

AP= i^^ A<? 

Now F, the intensity of the field, multiplied with 

b — A a, the total area of the elementary strip, gives the 

number of lines of force which enter the core through 
that area. Let A Z represent that number, and we can 
also write 

9r D 

Now consider a second elementary strip of the sheet of 

current contiguous to the first. The force exerted by 

this strip will be represented by a similar expression, 

but in it the value of A Z may be different. This 

will be the case if the field intensity is not uniform, 

but varies in any way with the angle a. For our purpose 

it is not necessary to know in what manner the intensity 

of field F may vary in different points ; whatever the law 

of variation may be, the suni of all the values oi A Z 

must always be the same and equal to the total number 

of lines passing into the armature core. The mechanical 

force exerted by the upper semicircular sheet of current, 

or, which comes to the same thing, by the upper half of 

Nt 
the armature winding, -^, is therefore 
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Ntc 

Z being the total number of lines. Simultaneously the 
lower half of the armature exerts the same force, and we 
have the total force tending to rotate the armature, and 

acting at a radius equal to that of the winding,—, 

2Z Ntc 



P = 



D 



The tuming moment, or torque, is P — , or 

T.= ^JSiS. 7). 

If we express the total number of lines by the product of 
their density within the armature core and the dimensions 
erf the latter, we can also write for the torque 

y _ 2abmNtc ^ g. 

It has already been mentioned that there exists a limit 
beyond which m cannot be increased, however powerful 
the field magnets may be. Assume that. in two motors 
of different size the field magnets are excited so as to 
produce equal and maximum density of lines in both 
armature cores, and assume also that both armatures are 
wound with wire of the same gauge, then the number of 
turns will in the larger machine be greater than in the 
smaller, the proportion being evidently as the squares of 
their linear dimensions. Since the areas of the cores are 
also in the same proportion, it follows that the torques or 
tuming moments are in the proportion of the fourth 
power of the linear dimensions. Thus, if the larger 
motor be double the linear dimensions of the smaller, its 
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torque will be sixteen times as great. It will be seen 
from formula 7, that the torque of a motor depends only 
on the strength of the field and on the current, but does 
not depend on the speed. This can be shown experi- 
mentally in the following manner. Let two series-wound 
dynamos be connected by a pair of cables, and let one of 
these act as generator, whilst the other, which is the 
motor, is provided with a friction brake, on which the 
energy given out can be measured. Whatever the speed 
of the motor may be, the brake, if its lever be floating 
free, indicates the turning moment in the shaft of the 
motor. This turning moment is equal to the product of 
the length of the lever and the load suspended. If now 
the speed of the generator be varied so as to vary the 
electro-motive force, the speed of the motor will accord- 
ingly vary, but the current and the load on the brake 
will remain unaltered. In dealing with this matter, 
M. Marcel Deprez, in "La Lumi^re Electrique " of the 
3rd of October, 1885, says : — " If a current traverses a 
motor having an armature of the Pacinotti type, the 
turning effort of the latter is independent of its state of 
movement or rest, and in motion it is independent of the 
speed, provided the strength of the current is maintained 
constant. Inversely, if the static moment tending to 
resist the motion of the armature is maintained constant, 
the current will thereby automatically be kept constant, 
whatever means we may employ to vary it. The experi- 
ment must be made in the following way. Mount upon 
the spindle of the motor a self-adjusting dynamometric 
brake, the load on which is automatically kept constant 
whatever variation may take place in the friction of the 
brake or in the speed of the motor, so that the tangential 
resistance which tends to oppose rotation shall be kept 
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constant. Supply the motor with current from any 
given source of electricity (a battery or a dynamo ma- 
chine), and note the strength of the current and its 
electro-motive force. If the latter be gradually in- 
creased from zero we observe that as long as the motor 
remains at rest the current grows in the same proportion, 
but as soon as it has reached ascertain value and the 
motor .has begun to turn, the current does not further 
increase, although the rise in the electro-motive force may 
continue, and with it the rise in the speed of the motor. 
In an experiment made three years ago the source of 
electricity was a Gramme dynamo and the motor a 
Hefner- Alteneck machine, the brake being loaded with 
5i lbs. at a radius of 6f inches. When the motor began 
to turn, the needle of the ampere-meter indicated twenty- 
six divisions. I then augmented the speed of the dynamo 
until the motor made thirty-two revolutions per second, 
and yet the ampere-meter onjy indicated twenty-seven 
divisions instead of twenty-six." 

Since with a constant load on the brake, the energy 
given out is proportional to the speed, and since the 
electrical energy supplied to the motor is the product of 
current and electro-motive force, it follows that if the 
current is constant the speed must be proportional to the 
electro-motive force. The following table taken from 
M. Marcel Deprez's article shows that this is indeed the 
case. It will be seen that in all the four motors tested 
the ratio of electro-motive force to speed remained nearly 
constant throughout a very wide range of speed, and that 
the current also remained practically constant. 
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Type of motor. 


ReTolatioiw 
per minnte. 


Cnrrent. 


Electro-motire 
force. 


Speed. 


Hefner- Alteneck .- 


425 

783 

1165 

* 1660 


1353 
12^68 
13-65 
13^00 


•0267 
•0262 
•0278 
•0250 


A Gramme ... 


270 

526 

608 

742 

944 

1004 

1160 

1460 


8-16 

8^16 

8^23 

8^40 , 

8-23 

8-23 

8^23 

8^23 


•0649« 
•06437 
•06768 
•06792 
•06713 
•06803 
•06704 
•06736 


Hefner-Alteneck . ■ 


356 
618 
1016 
1236 
1470 
1636 
1662 


5^60 
5-78 
5-42 
5-60 
5-95 
5^60 
5^42 


•0132 
•0139 
•0127 
•0130 
•0129 
•0127 
•0127 


High tension ma- 
chine .... 


200 
384 
470 
606 
710 


5-60 

6-30 

. 6-12 

'"5^95 

5^95 


1-659 
1-692 
1-775 
1-633 
1-662 



Going now back to equation 7), the mechanical energy 
r^resented by one revolution of the motor shaft is 
evidently 2 ir Ty and if the motor runs at a speed of n 



revolutions a minute. 



or ^TT revolutions 
oU 



energy developed during that time is 



W^ Z Nt2c 



60 



a second, the 



9). 
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It will be remembered that each half of the armature 
carries the current c ; 2c is consequently the total cur- 
rent passing into the armature at one brush and out at 
the other. Write Ca (armature current) for 2c and we 
have 

W =z Z Nt~ Ca 10). 

60 

But from equation 4) we found that the counter electro- 
motive force of the armature is 

Ea^rZNt- 4), 

and combining the two equations we find 

W^ Ea Ca 11). 

The mechanical energy equals the product of ciurent 
and electro-motive force, that is, equals the electrical 
energy. This, indeed, is self-evident from the principle 
of the conservation of energy ; and starting with the 
equations 4) and 11), we could have deduced the expres- 
sions for W and T from these. But on the other hand it 
is more satisfactory to have determined these values inde- 
pendently, and to find that our conclusions are verified 
by the principle of the conservation of energy. 

All the equations above are based on the absolute 
system of measurement. For practical purposes, how- 
ever, the employment of these units is not convenient, 
and instead of using dynes or ergs we prefer to make •ur 
calculation in pounds and horse-powers. It will therefore 
be necessary to determine the relation between the abso- 
lute and practical units. 

According to the definition of the dyne given in the 
first chapter, it is that force which accelerates the mass 
of one gram by one centimeter in one second. It would 
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not be strictly correct to represent the dyne as equal to 
a certain fraction of a kilogram or of a pounds because 
the value of unit mass (that of one gram] changes ac- 
cording to the position on the surface of the earth where 
we may happen to measure it. But in all places the 
following equations hold good : — 

P ^ m Vy 

G ^ m ff, 
P being the force to which corresponds the acceleration 
V, G being the weight of the body measured by the 
acceleration of gravity g^ and m being the mass of the 
body 

9 
If g be given m meters per second and the weight' in 
kilograms, the force of one dyne is. 

Dyne = • . . . kilograms. 

*/ 

10"* 
Dyne = kilograms. 

The energy represented by one dyne acting through the 

distance of one centimeter, the erg, is therefore 

10""* 

. • . kilogram-centimeters, or, 

Erg = — . . . kilogram-meters. 

According to equation 11) the number of ergs developed 
by the armature of the motor is numerically equal to the 
product of current and electro-motive force in absolute 
measure. If we wish to insert these values expressed in 
practical units of amperes and vults we have 

W^ 10-' X 10 + ^ . . . vokamperes, 
W = 10-' watts- 
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To obtain the number of watts represented by a certain 
number of ergs, we have therefore to multiply the latter 
by lO"''. Similarly to obtain the number of kilogram- 
meters represented by a certain number of ergs, we have 

to multiply the latter by , 

Watts = 10-"' X ergs. 

Kilogram-meters = x ergs. 

From these two equations we find that 

^., ^ Watts 
Kilogram-meters = ■ • 

9 
The energy required to lift 75 kilograms one meter high 
in one second is a standard horse-power. The accelera- 
tion of gravity may be tak^n as 9*81 meters per second, 
hence one horse-power is represented by 

75 X 9'81 . • . watts, or in round numbers: 
736 watts correspond to one standard horse-power. 
In English measure the standard horse-power is equal to 
32,500 foot pounds work done per minute. The usual 
English horse-power is equal to 33,000 foot pounds. 
Hence, to obtain the number of watts representing an 
English horse-power, we must multiply 736 with the ratio 
of 33,000 to 32,500. This gives the figure 746. Let Ea 
represent the counter-electro-motive force of the armature 
in volts, and Ca the current in amperes, then the number 
of EngUsh horse-powers which could be obtained from it, 
if there were no losses, is 

H.P=?^ 12). 

Ketaining the notation of equations 5) and 6), we have 
also 
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H^P = ^^Z Nt n 10-« Ca 13), 

746 ^ 

H'P =jJ^2abmNtn lO"' Ca . . 14). 
746 

The power which is actually obtainable is somewhat 
smaller, as certain losses occur. These might be classi- 
fied under two headings, mechanical friction and mag- 
netic friction. The former consists of the friction in the 
journals, of that between the commutator and the 
brushes, and of the resistance which the air offers to the 
rapid rotation of the armature, or the " windage," as it is 
technically termed. The latter is of a somewhat com- 
plicated nature, and may manifest itself in various ways, 
but more especially in the heating of the armature core 
and of the pole pieces. If the armature core is not suffi- 
ciently subdivided, a fault very common in small motors, 
currents will be generated in it, which will be the stronger 
the more intense the field and the quicker the speed. It 
is as though the motor contained a dynamo working on 
short circuit, and the power necessary for producing 
these currents must be supplied by the current flowing 
through the coils of the armature, and represents there- 
fore so much power withdrawn from external use. 
Another source of loss is the limited number of the sec- 
tions in the commutator. In establishing our formulas 
we have assiuned that the aggregate of the currents in 
the different wires can be represented by a continuous 
semicircular sheet of current. This assumption is, 
strictly speaking, only correct if the number of wires and 
the corresponding number of sections is infinite. But 
when these numbers are limited, and especially when 
one section of the commutator corresponds to a wide coil. 
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consisting of a great many turns of wire on the armature^ 
then the change of contact between the brushes and suc- 
cessive commutator strips produces abrupt changes in 
the magnetizing effect of the current on the core of tlie 
armature^ and our sheet of current, instead of being fixed 
in space as fii*st assumed, undergoes violent oscillations^ 
the amplitude of which is equal to the angular distance 
between two neighbouring coils. It is as though a 
magnet placed at right angles to the centre line through 
the pole pieces were kept in rapid oscillation, and since 
any magnet, if moved in the neighbourhood of metallic 
masses will heat the latter and absorb power, it follows 
that the pole pieces will become hot, and part of the 
energy produced by the motor will be wasted in this way. 
From what has just been explained, it will be evident 
that this loss can be reduced by increasing the number of 
sections in the commutator, and by subdividing the 
metal of the pole pieces by planes at right angles to the 
axis of the armature. 

Another source of loss in some motors is the discon- 
tinuity of the armature core. This loss does not occur 
in Gramme armatures with smooth cylindrical cores ; but 
in armatures of the Pacinotti type, the projecting teeth, 
in sweeping closely by the polar surfaces, react on the 
latter, and produce eddy currents therein, which in their 
turn exert a retarding force upon the teeth. That this 
is really the case is shown in a striking manner in many 
dynamos having Pacinotti projections, notably in the 
Brush and Weston machines. Everyone who has 
examined these machines after some hours' work, must 
have noticed that the pole pieces, especially where the 
coils and projections leave them, grow hot At the 
entering side the heating is not so great, because there 
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the magnetizing effect of the armature current is to repel 
and weaken the lines, whereas at the leaving side it is to 
attract and strengthen them. If the machines be used as 
motors an opposite effect is produced, the pole pieces 
becoming hottest at the entering side. Cores with Paci- 
notti projections are very much in favour with the 
designers of motors, because it is thought that they in- 
crease the magnetic attraction which deteimines the 
force of the motor. On purely theoretical grounds this 
is so. It will be shown presently that the number of 
lines -Z, passing from the pole piece to the armature is the 
greater, the smaller the distance they have to leap 
through air, and by allowing the teeth to project so far 
as to almost touch the polar surfaces, the magnetic re- 
sistance of the air space can be very considerably 
reduced. But in practice such perfection is unattainable 
on account of heating and waste of power just explained. 
It is found necessary to make the clearance between the 
outer surface of the teeth and the inner surface of the 
pole pieces much greater than would suffice for free rota- 
tion, and it may be doubted whether the Pacinotti core 
is, after all, so great an improvement over the Gramme 
core as on purely theoretical grounds it seems to be. 

In good motors the sum total of all the losses here 
enumerated at length amounts to only a small fraction of 
the total power. The ratio between that and the power 
actually obtainable on the shaft is called the efficiency of 
conversion^ and it should never be less than 90 per cent, 
in medium-sized and large motors. 

The electrical efficiency of the motor is the ratio of 
total internal electrical horse-power, as given by our for- 
mulas 13) and 14), to the external electrical horse-power 
applied at the terminals of the motor. Let 
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E^ represent the electro-motive force created in the 
armature coils. 

E^ represent the electro-motive force appearing at the 
brushes. 

E^ represent the electro-motive force appearing at the 
terminals. 

r. represent the total resistance of the armature. 

r^ represent the total resistance of main coils on field 
magnets. 

r, represent the total resistance of shunt coils on field 
magnets. 

(7, C., C^ C^ represent the external current, the current 
through the armature, through the shunt coUs and main 
coils on field magnets respectively. Then for a compound- 
woimd dynamo the following equations evidently obtain : 

c=c„,c.= ^ 

C.= C„+ C,.'. 15), 

^* = ^« - r. C. 16), 

E,= Et-r„C„ 17). 

The electrical efficiency is 

• = x|- ■'*• 

For an electro-motor, also compound-wound, the equa- 
tions are 

C.= C„- C, 19), 

E, = E,-T„C^ 20), 

E. = Et-r,C. 21), 

•=^ ^^)- 

H 
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We assume hereby that both in the motor and djmamo 
the shunt coils be coupled direct to the brushes. If 
they are coupled to the terminals the formulas are for 
the dynamo^ 

'$ 
16), 17), and 18) remaining unaltered. 
For the motor we have 

20), 21), and 22) remaining unaltered. 

The same formulas are applicable to the case of plain 
series or shimt machines, whether dynamos or motors, 
but in the case of series machines we insert r, = oo , 
and in the case of shunt machines we insert r^ = o. 
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CHAPTER IV. 

Types of Field Magnets — ^Types of Armatures — Exciting Power — Manietic 
Circuit — ^Magnetic Resistance — Formulas for streneth of Field — Single 
and Double Magnets — Difficulty in Small Dynamos — Characteristic Curres 
— ^Horse-power Curves — Speed Characteristics — Application to Electric 
Tramcars— Static, Dynamic, and Counter-Electro-motive Force. 

In the preceding chapter it has been shown how the 
electro-motive force of an armature can be foimd if the 
total number of Unes passing through its core be known. 
It will now be necessary to determine the number of 
lines^ that is the strength of the magnetic field, from the 
constructive data of the machine. Before entering into a 
scientific investigation of the subject a cursory glance at 
the different types of field magnets adopted by the various 
makers of dynamos and motors, will be of interest. These 
are shown in Figs. 27 to 51. To make the classification 
comprehensive the type of armature is written beneath 
each field and the maker's or designer's name is written 
above it. We distinguish three types of armature. 1. The 
Drumy wound on the Hefner- Alteneck principle, as ex- 
plained in Chapter II., and shown in Figs. 18 and 19 ; 
2. The Cylinder^ wound on the Pacinotti or Gramme 
principle, also explained in Chapter II., and shown in 
Figs. 25 and 20 ; and 3, The Disc, wound on the Paci- 
notti or Gramme principle and only differing from the 
cylinder by the shape of the core. It is a cylinder of 
considerable diameter and small length, in fact a flat ring 
or disc. 
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All the magnets employed in dynamos or motors are 
horse-shoes ; straight-bar magnets with poles at the ends 
being never used. The reason is obvious. We must in 
all cases bring opposite poles to the same armature, and 
that necessitates the employment of a bent magnet. It 
is necessary to distinguish between single, double, and 
multiple magnets. In the single horse-shoe magnet all 
the lines passing across the armature go through the 
magnet in the same direction. As an example we may 
take the Edison-Hopkinson dynamo, Fig. 27. The lines 
passing across the armature from N\o S continue all in 
the same direction, viz., vertically upwards from S to B^ 
thence across the yoke from 5 to A, and finally vertically, 
downwards from A to N. A free unit pole would be 
urged along the closed magnetic circuit N S B A N^ and 
there is no other way along which it could travel. Now 
in a double horse-shoe, as represented for instance by the 
Weston machine. Fig. 41, there are two ways along 
which a unit pole might travel. One of these isNSBANy 
and the other N S B C N, or in other words, of the total 
number of lines passing across the armatm'e, one half will 
go through the horse-shoe N A B S, and the other half 
will go through the horse-shoe N C B S. We may con- 
sider the field magnets to consist of these two horse-shoes 
placed with like poles in contact to the left and right of 
the vertical center line. The arrangement of the " Man- 
chester " dynamo is similar, but in. this case the portions 
A B and C 2>, which in the Weston dynamo constitute 
the yokes, form the excited or active parts of the magnets 
and are surrounded by the magnetizing coils. The field 
magnets of the original Granune dynamo (or motor) also 
belong to the double horse-shoe pattern. But in this case 
a plane laid through the center lines of the cores of the 
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magnets is parallel to and contains the center line of 
armature shaft, whereas in the Weston type it is at 
right angles to it. Here, again^ the lines are split up to 
the right and left of the vertical center line into two 
distinct circuits. Fig. 37 shows a similar arrangement, 
but with a single magnet. Figs. 39, 40, and 50 show 
single magnets, the plane of the horse-shoe being at right 
angles to the armature. Fig. 48 shows a quadruple 
horse-shoe magnet. Here the lines of force passing across 
the armature belong to four distinct circuits : S D A Ny 
8D C N, SB AN, And SB C N. The fiel^J magnets 
of the Brush (Victoria) machine shown in Figs, 46 and 47 
consist of 8 complete horse-shoes, four on each side of the 
disc, and in some multipolar machines even a larger num- 
ber of magnetic circuits is sometimes employed. The 
latest machines of M. Marcel Deprez (Fig. 51) have two 
cylinder armatures mounted on the same spindle a i, and 
around them are placed eight horse-shoes, of which two, 
S B A N and S C D N, are shown in the illustration. It 
is not necessary to enter into a detailed description of all 
the types shown, as the diagrams are alone sufficiently 
clear. 

After what has been said above it will be evident that 
the proper function of the field magnets in a dynamo' or 
motor is to produce lines of force which pass across the 
armature core. All other lines which miss the armature 
are useless and may even be detrimental to the working 
of the machine. The greater the number of useful lines 
the greater will be the electro-motive force generated at 
a given speed and with a given armature. Our aim 
should therefore be to produce a maximum number of 
lines, and as a first step towards the realization of this 
object we must determine the relation between the number 
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of lines and the constnictive data of the machii 
of these data is the exciting power, that is the 
the number of turns of wire wound on the magi 
the magnetizing current sent through the wire* 
customary to reckon the exciting power in Ampere 
and it is shown by experiment and theory that the : 
in which the product is made up is quite imnn-cYLmi] 
We may have a large number of turns of fine win 
small current, or we may have few turns of stou 
and a large current The effect will always be th. 
if the product of amperes and turns be the sanmeAxiM. 
periment also shows that for low degrees of magnet: 
the electro-motive force produced in the armature : 
portional, or nearly so, to the exciting power J* a 
to the field magnets ; and since electro-motive fore 
strength of field Z are always proportional, we fin« 
in these cases Z is proportional to P. We can repa 
this relation mathematically by introducing the concc 
of magnetic resistance. According to this there 
every magnetic circuit a passive force opposing the 
tion of lines, and the number of lines which are neve 
less created is the quotient of the magnetizing force '^ 
this resistance. Calling the latter i2, we have 

p . 50. 

Z =: -- ***»«» 

R 

This formula is rigorously correct, provided we siioi 
in determining the magnetic resistance for every condi "^ 
of magnetization. For low degrees of magnetization 
resistance is nearly constant, and in these cases ti[ 
exists simple proportionality between Zsknd P ; for hig 
degrees of magnetization the resistance increases and 
relation between Z and P becomes more complica^^ 
A limit is ultimately approached beyond which ^ 
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cannot increase the strength of the field although we may 
increase the exciting power indefinitely. In this case the 
magnetic resistance has become infinite, and this condition 
is generally expressed by saying the magnet is saturated. 
The relation existing between magnetizing power and 
the magnetic moment have in the case of straight-bar 
magnets, spheres, and ellipsoids been investigated by 
Jacobi, Dub, Miiller, and others, and a variety of 
formulas have been proposed to express these relations 
|mathematically. Apart from the fact that these formulas 
[in themselves are only rough approximations but imper- 
fectly fitting the results of experiments, they are for 
practical purposes almost useless, since the field magnets 
of dynamos and motors are not straight bar magnets, but 
horse-shoes of every possible form and variety. In some 
cases these formulas are even misleading, and as an ex- 
i ample we' may cite the original Edison machines. 
According to the orthodox theory the magnetic moment 
of a cylindrical bar is proportional to some function of 
the exciting power, to the square root of the diameter of 
the bar and to the square root of the cube of its length. 
Hence to obtain a maximum of magnetic moment with a 
given weight of iron we must shape it into a long cylinder, 
and the original Edison machines were constructed on 
these lines. Experience has since then taught us that 
this was the worst possible form which could have been 
adopted, and the Edison machines built subsequently 
have stout and short magnets. The explanation for this 
apparent discrepancy between theory and practice is this, 
that in a dynamo or motor the magnetic moment of each 
bar composing the field magnet is of no account whatever, 
the electro-motive force depending only on the total 
number of lines produced, which is go^^med by laws 
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totally different from those relating to the magnetic 
moment. It is very desirable that the relations between 
strength of field and exciting power should be mathe- 
matically established for those forms of magnets which 
are actually used in the construction of dynamos and 
motors. As yet no formula rigorously true for all degrees 
of magnetization has been found, and the difficulty is 
principally due to the fact that the chemical composition 
and molecular properties of the iron play an important 
part which is not easily determinable beforehand. This 

Fig. 52. 




is especially the case if the magnetization is pushed 
towards the saturation limit. For lower degrees of mag- 
netization the difficulties are still present, but they are of 
relatively less importance, and it is possible to establish 
formulas for the strength of the field which are sufficiently 
approximate for practical purposes. 

Let in Fig. 52 a series of wedge-shaped and very short 
magnets, M^ M^ ... be placed with polar faces of oppo- 
site sign in contact, so as to form a continuous ring inter- 
rupted only by the air space A By A^ j5^ Lines of force 
will then pass across this air space, and an electro-motive 
force could be<' created by moving a conductor or series of 
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conductors^ so as to cut these lines. Let the polar sur- 
face of each elementary magnet be S, and let the density 
of magnetic matter, which we imagine to be distributed 
over the polar surfaces, be cr, then a S \% the strength of 
each polar surface. According to Ampere's theory each 
elementary magnet can be replaced by an equivalent 
magnetic shell (page 27), consisting of a closed con- 
ductor in which a current flows, the product of current 
apd area enclosed being numerically equal to the mag- 
netic moment of the elementary magnet. Imagine now 
the magnets replaced by a spiral of wire or solenoid^ then 
we can without appreciable error consider each turn of 
wire in the spiral as a current closed in itself, and if 
there be n such turns, and if the current be C, the total 
magnetic moment will be in absolute measure n C S. 
Since with the exception of the two end faces A J?, 
A^ B^y the polar sufaces are in contact and cannot exert 
any action at a distance, the total magnetic moment of 
the series of elementary magnets is represented by the 
product of the magnetism on the end faces, and their 
distance, rf. We have therefore the equation, 

(T Sd= n C S. 
It has been shown (page 24), that the total number of 
lines emanating from unit pole is 4 ^. From a pole of 
the strength c S there must emanate 4t 'tt a- S lines. Let 
Z be the total number of lines, or strength of field within 
the air space, then we find 

Z = 4 5r (T 5; 
and by inserting the value o{ a- S from above equation,, 

^ 4vn C S 
^= d ^ 

which can also be written in the form 
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Z = 4 T — =- 
a 

s 

The product n C is exciting power in absolute measure, 
or ampere turns x 10"\ S is the polar surface^ and d 
the distance between the two poles. In deducing the 
formula for Z we have assumed the polar surfaces to be 
two parallel planes, but it can be proved that the same 
law holds good for surfaces of any shape, provided that 
their distance is very small as compared to their area. 
We can therefore apply the formula to the case of a 
cylindrical polar cavity partly filled by a cylindrical 
armature. Here we have two air spaces, and the polar 
surface S is the product of length of armature, b and the 
arc spanned by either pole, a. Let J' be the distance 
between the polar surface of the magnets and the ex- 
ternal surface of the armature core, and let P represent 
the exciting power producing Z lines, then the above for- 
mula becomes 

Aft 

^=rj 24). 



4 T A i 



The strength of the field is represented by the quotient 
of exciting power, and an expression which is of the 
character length divided by area. The analogy with 
Ohm's law will be apparent. The electrical resistance 
of a conductor is found by multiplying its specific elec- 
trical resistance with the length, and dividing by the 
area of the wire. In the same manner the magnetic 
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resistance of the air space is found by multiplying -— 
with the length (2 J), and dividing by the area (a b) of 

the air space. We can therefore regard , — as the 

4 ^ 

specific magnetic resistance of air. The expression 24) 
gives the field in absolute lines ; to obtain it in such 
measure as to be directly applicable for the determina- 
tion of electro-motive force by equation 5) we must 
divide by 6,000. If for convenience we also use inches 
instead of centimeters in the dimensions 3, a and b and 
Ampere turns, instead of exciting power in absolute 
measure we find 

z> 
Z = 



1875 2J 
A** 

This formula is only correct under two suppositions. 
First, that there shall be no other resistance in the mag- 
netic circuit but that of the air space, and secondly that 
the iron contained within the coils of the solenoid does 
not in any way contribute to the creation of lines. But 
we know that the presence of iron in a coil has the result 
of increasing the number of lines created by the coil 
per se^ and that the ratio of this increase depends on the 
quality of the iron. We must therefore expect that the 
figure in the denominator of the above expression will 
in reality be somewhat less than 1875. From a large 
number of experiments made by the author with dyna- 
mos of various sizes and types, it was found that the 
resistance of air space can be represented by 

2? 
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if the field magnets and armature core consist of well 

annealed wrought iron, and by 

>. 2 J 
1800 ^ , 

if the field magnets be of cast iron and the armature core 
of wrought iron. 

The resistance of air space is, however, not the only 
passive force which opposes the creation of lines. There 
is also the resistance of the field magnet itself and that 

Fig. 53. 




of the armature. It is reasonable to suppose that these 
resistances are also of the character : length divided by 
area, the fraction being multiplied with a coefficient de- 
pending on the quality of the iron. Let in Fig. 53, L 
represent the average length of the magnetic circuit 
within the field magnet, and A B the cross-sectional area 
of the magnet core. Let, in the same manner, / 
represent the average length of the magnetic circuit 
within the core of the armature, which we suppose to be 
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of the cylindrical Gramme type, and a b the area of the 
core. The magnetic resistance of the single horse-shoe 

magnet will then be proportional to -j-=, and that of the 

armature to ~ — 7, each of these fractions being multi- 
2 a o 

plied by a coefficient depending on the quality of the 

iron. From numerous experiments the author has found 

that for dynamos and motors of this type made of well 

annealed wrought iron, the strength of the field for low 

degrees of magnetization is represented by the expression, 

^= 2r^l ¥L 25). 

For cast-iron magnets the formula is 

1800 -^ + _L + 4— 
xb a b AB 

In the case of double horse-shoe magnets, as shown in 

Fig. 54, each horse-shoe contributes half the total 

number of lines, and we have for wrought iron, 

27,, 
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The exciting power required to produce a certain strength 
of field can be found by multiplying the number of lines 
with the magnetic resistance, as represented by the de- 
nominator in the above four equations. It should be 
remembered that these only apply to cases where the 
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intensity of magnetization is not too great, say up to ten 
lines per square* inch. For more intense fields the mag- 
netic resistance of the iron part of the circuit increases 
considerably, and in practice it is found that to bring the 
field magnets of dynamos or motors near to saturation 
from 40 to 100 per cent, more exciting power must be 
appUed than given by the above formulas. 

A question of great practical importance is the rela- 
tive advantages of the single and double magnet. Since 
in the latter the area of air space is only half that of the 

Fig. 54. 




former, the resistance of air space is doubled. On com- 
paring equations 25) and 27), it will be seen that the 
magnetic resistance of the magnet is equal in both 
cases, and that the magnetic resistance of armature 
and air in the double horse-shoe is about double that of 
the single horse-shoe. On the other hand, only half the 
total number of lines have to pass through one magnet of 
the double horse-shoe type, and therefore the exciting 
power in the single and double magnet is about the same. 
But in the latter case this exciting power has to be 
applied on each of the two horse-shoes, whereas in the 
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single-magnet machine it has to be applied on one horse- 
shoe only, but of double the sectional area. The length 
of wire required will therefore be as 2 : V' 2, or by the 
single magnet system a saving of about 25 per cent of 
wire can be effected. On the other hand, the iron portion 
of the single magnet is somewhat heavier than that of an 
equivalent double magnet, and in cases where smallness 
of total weight is a consideration, as for instance in 
motors used for locomotive purposes, the double magnet, 
notwithstanding that it requires more wire, has a distinct 
advantage. 

An inspection of formulas 25) to 28) will show why, as 
was already mentioned in the beginning of Chapter III., 
small motors sometimes fail to act as dynamos. In these 
machines, or to speak more correctly, in these models of 
machines, the polar surfaces ^ b are very small as com- 
pared to the air space 3^ and consequently the magnetic 
resistance of air space is very high. The exciting power 
is therefore also very high as compared to the strength 
of field, and it may happen that the electrical energy 
which is required to produce so large an exciting power 
is greater than the total electrical energy which can pos 
sibly be produced by the armature. In this case the 
machine fails to act as a dynamo. 

Since the electro-motive force for a given speed of 
rotation is proportional to the strength of the field, and 
since that depends in its turn on the exciting power, it 
follows that in every dynamo or motor there exists a 
definite relation between the electro-motive force created 
i^L the coils of the armature and the ampere turns applied 
to the field magnets. As already stat^, this relation is 
of too complicated a nature to permi^ of its being repre- 
sented in the form of a mathematical expression rigo- 
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rously applicable to all cases. Approximate formulas 
have been devised by Frohlich, Clausius and others, but 
these are not sufficiently accurate for practical use, and 
have moreover the disadvantage common to all analytical 
methods of not appealing directly to our senses. In this 
respect graphic methods are much more preferable, and 
in the solutions of problems connected with dynamos and 
motors they offer facilities far beyond those of any 
analytical treatment. It is possible to represent all the 
important properties of a machine by curves, and since 
these properties give it a distinct character by which it 
differs from other machines of similar type, these curves 
are called characteristics .^ The relations between cur- 
rent, electro-motive force, speed, horse-power, efficiency, 
and so forth, can all be represented graphically, but the 
curve most commonly used is that giving the electro- 
motive force as a function of the exciting power for a 
constant speed. In the case of a series dynamo the 
exciting power is proportional to the current, and if we 
plot the currents on the horizontal and the corresponding 
electro-motive forces created in the armature coils on the 
vertical, we obtain what is commonly known as the m- 
temal characteristic. The external characteristic is a 
curve representing the electro-motive force at the ter- 
minals of the dynamo, and the distance between corre- 
sponding points on the two curves represents the loss of 
electro-motive force occasioned by the internal resistance 
of the machine. Fig. 55 shows the internal and external 
characteristics of a series-wound Siemens dynamo as 
given by Dr. Hopkinson in his paper reprinted in the 

^ This name appears to hare been first used by M. Marcel Deprez, in 
1881, in an article in *' La Lumiere Electrique," although J^. Hopkinson 
was the first to make use of graphic methods as applied to dynamos. 
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Proceedings of the Institution of Mechanical Engineers, 
1879. The dotted curve O E, represents the electro- 
motive force at the terminals of the machine, and the 
curve shown in a full line O JE^. that in the armature. 



Fig. 55. 
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CHJLBJLCTBIUSTICS OF SIEMENS DTNAHO, 

The latter is obtained from the former by adding to its 
ordinates the internal loss of electro-motive force. This 
is the product of current and internal resistance, which 
latter was in that particular machine 0*6 ohms. Thus 
at 50 amperes the loss is 30 volts, and it will be 

I 
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seen from the diagram that the difference between the 
two ordinates corresponding to 50 on tlie abscissae is 
30. We can also represent the loss of electro-motive 
force by a characteristic, and since it is always propor- 
tional to the current, the characteristic in this instance 
becomes a straight line, O r. The geometrical tangent of 
the angle which this line forms with the horizontal is 
evidently equal to the internal resistance of the machine. 
The ordinates enclosed between O r and O E^ represent 
the external electro-motive forces, and therefore the in- 
ternal characteristic, O jF., becomes the external cha- 
racteristic if we take O r for the base line instead of the 
horizontal. 

By a very ingenious method due to Professor Silvanus 
P. Thompson these characteristics can also be used to 
show at a glance the horse-power which corresponds to 
any particular current or electro-motive force. As already 
shown the horse-power represented by a current c flowing 

c E 
under an electro-motive force -EL is H-P = -=-r^. One 

746 

horse-power can be represented by an infinite variety of 
c and -E^, but these values must all satisfy the equation 

746 = c E„. 
A curve representing one horse-power will pass through 
all such points of which the product of their ordinates is 
a constant, viz., 746. Similarly a curve representing the 
value of two horse-power will pass through points of 
which the product of their ordinates equals 1492, and so 
on. In other words, all the horse-power curves are rec- 
tangular hyperbolas,^ and by drawing a set of these curves 
across our diagram — ^as shown in dotted lines — ^we can 



' The scales for volts and amperes bein^ equal. 
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determine at a glance what is the horse-power correspond- 
ing to any point on the characteristic. Thus a current of 
30 amperes represents about 3*35 H-P of internal elec- 
trical energy, and about 2*7 H-P of electrical output or 
energy delivered into the external circuit. A current of 
50 amperes represents a little over 6 H-P internal, and 
a little over 4 H-P external energy, and so on. 

In a dynamo the internal characteristic Ues always 
above the external characteristic. In a motor, however, 
their position is reversed, since the external electro-motive 
force must necessarily be greater than the counter-electro- 
motive force developed in the armature coils. Fig. 56 
shows the characteristics of the Siemens dynamo men- 
tioned above if used as motor. Not to get the diagram 
too long the speed has been reduced to 500 Revolutions. 
The curve O E^ represents the counter electro-motive 
force developed in the armature coils, and the curve O £„ 
which is shown in a dotted line, represents the terminal 
electro-motive force. The difference between the ordinates 
of the two curves represents the electro-motive force 
necessary to overcome the internal resistance of the 
machine. By drawing the straight line O r under an 
angle, the tangent of which is numerically equal to the 
internal resistance, but this time below the horizontal and 
not above it as in the former example, we can regard it 
as the new base line, and then the curve O E^ becomes 
the external characteristic. 

In diagram (Fig. 5^) it is assumed that by some means 
we keep the speed constantly at 500 revs, a minute. Easy 
as it is to fulfil such a condition in a dynamo, it presents 
considerable difficulties if we have to deal with a series- 
wound motor, because its speed depends on a number of 
factors which to a certain extent may vary independently 
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of each other. The speed depends on the current and 



Fig. 56. 
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CHARACTERISTICS OV SERIES MOTOR. 

electro-motive force supplied to the motor, and on the 
amount of mechanical work it has to do. In some cases 
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the work itself, that is the product of turning moment 
and speed, depends on the latter, and thus it will be seen 
that the relation between these various quantities is of 
a rather complex nature. It is however easy to represent 
these relations graphically by the use of speed charac- 
teristicsy which were first published by the author in " The 
Electrician " of December 29th, 1883. Assume the case 
that the external electro-motive force is a fixed and con- 
stant quantity. What will be the relation between speed, 
power, and efficiency of, say, a series -wound motor? 
Since E^ is constant at all currents, we have practically 
an unlimited supply of electricity such as would be ob- 
tained from the mains in a system of town supply. The 
current passing through the motor will depend on its 
resistance, and on its counter-electro-motive force. The 
former is constant, whilst the latter increases with the 
speed. The faster we allow the motor to run the less 
current will flow through it, and the less power will be 
absorbed by it. Let in Fig, 57 the speeds be plotted as 
abscissae, and the electrical horse-power absorbed as ordi- 
nates, then with a series-wound motor we obtain the 
curve W W. The exact shape of this curve depends, of 
course, on the construction of the motor, but its general 
character will be as shown. The easiest way of finding 
the curve experimentally is by attaching a brake to the 
motor, and loading it with different weights so as to pro- 
duce different speeds. The horse-power absorbed by the 
brake can at the same time be plotted in the curve w w. 
If we begin with an excess of load on the brake, which 
will hold the motor fast, a maximum of current will flow, 
and a maximum of electrical energy will be absorbed 
without producing any external work. On the other 
hand, if we remove the brake altogether the motor will 
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attain a maximum velocity o m^ and again no external 
work will be produced, but in this case very little current 
will pass, and the electrical energy absorbed will be a 
minimum. Between these extreme limits of no speed and 
maximum speed external work' will be produced, and 
there is one particular speed, o «, at which this work will 
be a maximum. The ratio of the ordinates of W and w 
can be plotted in a curve, n n, drawn to any convenient 
scale, and this gives the commercial efficiency of the 
motor as a function of the speed. There is one particular 

Fig. 57. 




8PEED-CHUUGTERI8TICS OF SBBIES MOTOR. 

speed, i, at which the efficiency is a maximum, but this 
is not necessarily the same speed as that for which the 
work is a maximum. As a rule it is considerably greater, 
and in actual work the motor should be so geared that 
it runs at or about the speed of maximum efficiency. 

The experimental determination of the most economical 
speed, as just described, requires the employment of a 
dynamometer or brake, and if such an apparatus be not 
at hand, cannot be adopted. In this case a different 
method can be used, which is fairly reliable, although not 
quite so accurate as the actual power test. The question 
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to be solved is the relation between speed and current in 
a given series-wound motor supplied with current at a 
constant electro-motive force. This question can be 
solved if we know the internal resistance of the motor 
and its internal characteristic. Having obtained the rela- 

Fig. 58. 
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RELATION BJBTWBBN 8PSED AND CDRBBNT IN SERIES-WOUND MOTOR. 

tion between speed and current, we can construct the dia- 
gram Fig. 57, making a certain allowance for the effi- 
ciency of conversion. Let, in Fig- 58, O E^ represent 
that curve for a constant speed of say 500 revs., and let 
the inclined straight line, r, be drawn across the diagram 
at such an angle with the horizontal that its geometrical 
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tangent is numerically equal to the internal resistance of 
the motor in ohms^ then the ordinates of the line^ r, repre- 
sent the counter-electro-motiye forces created in the coils 
of the armature at variable currents. Thus^ at 100 
amperes^ the counter-electro-motive force is 40 volts. If 
the armature revolves at a speed of 500 revolutions a 
minute^ we see from the characteristic that its counter^ 
electro-motive force is 68 volts, and to bring the latter 
down to 40 volts, so that a current of 100 amperes may 
pass, the speed will have to be reduced in the proportion 
of 68 to 40, The speed corresponding to a current of 100 

40 
amperes is therefore 500. ^ = 294 revolutions. Similar 

calculations can be made for other values of current, and 
the speeds obtained can be plotted in a curve shown in 
Fig. 58, below the horizontal. At 166 amperes the speed 
is zero, because the whole of the constant electro-motive 
force available of 100 volts is required to overcome the 
internal resistance of the motor, leaving nothing to be 
opposed by counter-electro-motive force. At 16 amperes 
the speed is 1000 revolutions, and at smaller currents the 
speed might be still greater. Theoretically, it should be 
infinite if no current passes, and this would be the case if 
the motor were free to revolve without doing any work, 
and if there were no internal mechanical losses. This, of 
course, is an impossible condition, and a limit is set to the 
speed by the work which must be done to overcome me- 
chanical and magnetic friction. In good motors this is, 
however, comparatively small, and consequently the speed 
of the motor, when running empty, is inconveniently high. 
This is a great drawback in many cases, especially where 
motors are required to drive lathes and other machinery 
offering a variable resistance. The example represented 
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in Fig. 58, applies also to the case where a series-wound 
motor is worked from a set of secondary cells, having a 
very low internal resistance, as the electro-motive force is 
then approximately constant at all currents. To lessen 
the difference in speed it is usual to insert a rheostat 
or variable resistance into the circuit between the cells 
and the motor. A maximum of resistance is inserted 
when the motor is running empty, and as the load in- 
creases resistance is switched out so as to regulate the 
speed. At best this is a clumsy device, requiring personal 
attention, and not very efficient, as with it variations in 
speed can never be altogether avoided. It is also waste- 
ful, the heat developed in the artificial resistance being 
so much power lost. A better plan is to wind the field 
magnets of the motor on the compound principle, both 
main and shunt coils magnetizing in the same direction. 
This will raise the early part of the characteristic as shown 
in dotted lines, and will reduce the speed as shown also in 
a dotted line. This method is not a complete cure for the 
evil, but it is a palliation of it which in practice proves 
very successful. To make the motor perfectly self-regu- 
lating, it would be necessary to let the main coils on the 
field magnet excite the latter in an opposite sense to the 
shunt coils ; but then a very valuable quality of the series 
motor, viz., its great starting power, would be lost. If a 
motor is employed for railway or tramway work it is very 
important that there should be an excess of power at 
starting. This condition is admirably fulfilled by the or- 
dinary series-wound motor, since the current, the strength 
ef the field, and the statical effort or torque are all maxima 
when the motor is at rest and decrease as it gatl^ers speed. 
There is thus an automatic adjustment between speed, 
power^ and resistance. Take, as an example, an electric 
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tramcar worked by accumulators. On a heavy gradient 
or bad part of the rod, the speed is low, allowing a large 
current to pass through the motor, thus providing the 
extra amount of tractive force necessary ; on a good level 
road the speed will increase, less current will pAss through 
the motor, and less tractive force will be developed. But 
on a downward incline, when no tractive force at all is 
necessary, the motor, and with it the car, would acquire 
too high a speed if not checked in some way. This was 
one of the difficulties encountered in the early forms of 
Mr. Beckenzaun's electric tramcar, worked by accumu- 
lators. Each car was provided with two series-wound 
Keckenzaun motors, gearing by means of a worm and 
wheel directly with the axles of the car. On a very 
good level road, and on downward gradients, it was neces- 
sary to continually handle the brake in order to prevent 
the motors running too fast. This defect has been removed 
in the later fohns of electric tramcars ; the motors are 
wound on the compound principle, and thus a certain ini- 
tial strength of field is maintained whereby the speed of 
running hght is reduced to a safe limit. 

Hitherto we have assumed that the internal charac- 
te];}stic giving the electro-motive force as a function of 
the exciting power is the same for all currents flowing 
through the armature. This is not strictly accurate. 
Experiment shows that the greater the current flowing 
through the armature the smaller is the electro-motive 
force. The reduction is greater than that which corre^ 
spends to the product of resistance and current, and thus 
we are forced to the conclusion that, apart from the pas- 
sive electrical resistance of the wire, there is some other 
element tending to lower the electro-motive force. The 
reason is not far to seek. When a dynamo is at work 
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each coil oh the armature is alternately traversed by cur- 
rents in one and the other direction^ the change taking 
place each time the coil passes under one or the other 
brush. When a coil passes under one of the brushes it is 
for the time being short circuited in itself^ and since a 
moment before it was traversed by half the total current, 
its self-induction will cause a gradually diminishing cur- 
rent to flow in it after it has been short circuited by the 
brush. By the time the coil emerges on the other side 
of the brush that current may not yet have died out, and 
will cause a spark, especially since at that moment half 
the total current is forced through it in an opposite direc- 
tion. To avoid the spark we are forced to shift the 
brushes forward a certain distance beyond the neutral 
diameter, and it is well known to all who have to do with 
dynamos that the advance must be the greater the greater 
the current. The immediate result of shifting the brushes 
forward is to bring the coil in its short circuited state into 
a part of the field where there are lines aheady tending to 
produce an opposite current. In consequence of this the 
current circulating by self-induction will not only be ex- 
tinguished the sooner, but the opposite current will be 
started, and if the brushes are properly placed it will have 
grown to half the strength of the total armature current 
by the time the coil emerges from imder the brush. In 
that case there will be absolutely no spark, but those 
lines which were instrumental in toning down the violence 
of the change in the direction of the current are lost for 
the production of electro-motive force, and it is easy to 
see that this loss must be felt the more the greater the 
current. The next result of the shifting of the brushes 
is to bring the poles induced by the armature current, in 
the core of the latter, somewhat nearer to the field magnet 
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poles of the same sign^ thus pushing the latter forward 
and distorting the field. This, at the same time^ weakens 
the field, and thus the electro-motive force is again re- 
duced. In good dynamos the total reduction of electro- 
motive force due to these two causes should not be more 
than about 5 per cent., but in badly designed machines, 
especially in those with weak field magnets, the reduction 
is often very great. Even in fairly good machines the 

Fig. 59. 
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INTERNAL CHARACTBRIBTIC OF A GRAMME DYNAMO. 

reduction may, with heavy currents, become considerable, 
and show itself in the internal characteristic, as will be 
seen from Fig. 59, which represents that of an A Gramme 
dynamo tested by M. Marcel Deprez. 

This behaviour of the dynamo can best be studied with 
separately excited machines, and Mr. Esson has made 
very careful trials on the subject, which were published 
in April, 1884, in " The Electrical Review." The dy- 
namo experimented upon was a " Phoenix " machine with 
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Pacinotti armature. It was separately excited and kept 
running at a constant speed of 1,600 revolutions a minute5 
whilst the current which was permitted to flow through 
the armature was varied by means of a rheostat. The 
line Ey Fig. 60, represents the internal electro-motive 
force corresponding to the constant exciting power if there 
were no reactions. The line Eb represents the electro- 
motive force which would be found at the brushes if 

Fig. 60. 
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EXPBBIXBNT WITH FHCBNIX DTHAIIO. 

there were no reaction, and the line Eb^ was that actually 
observed. The diflerence of the ordinates of Eb and Eb^ 
represents the loss of electro-motive force due to self- 
induction, weakening and distorting of the field. The 
same influences which tend to lower the electro-motive 
force of a dynamo tend, on the other hand, to increase the 
counter-electro-motive force of a motor. This has been 
investigated by the author, experimentally, by separately 
exciting the field magnets of a Biirgin dynamo, and mea- 
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Buring the electro-motive force under the following three 
conditions : 1st, No current was allowed to flow through 
the armature ; 2nd, A current was allowed to flow doing 
external work by heating resistance coils ; 3rd, A current 
from another dynamo was sent in an opposite direction 
through the armature, causing it to revolve and produce 
-external work on a Prony brake. We have now to dis- 

Fig. 61. 




tinguish between the static electro-motive force found by 
experiment 1 ; the dynamic electro-motive force found by 
experiment 2 ; and the counter^electro-motive force found 
by experiment 3. By repeating the experiments under 
different conditions, three internal characteristics were 
obtained occupying relatively to each other the position 
shown in Fig. 61. 
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CHAPTER V. 

Graphic Treatment of Problems — Maximum External Energy — Maximum 
Theoretical Efficiency— Determination of best Speed for Maximum Com- 
mercial Efficiency — Variation of Speed in Shunt Motors — The Compound 
Machine as Crenerator — System of Transmission at Constant Speed — 
Practical Difficulty. 

The treatment of problems relating to the electrical 
transmission of energy is greatly simplified by the use of 
the curves explained in the preceding chapter, and by 
other graphic methods, of which we may mention that 
due to Professor Silvanus Thompson. The problem is 
as follows. Let a square AB CDhe drawn so that the 
length of one of the sides shall represent the electro- 
motive force JS of the supply to any convenient scale, 
Fig. 62, and let the counter-electro-motive force e of the 
motor be represented by the length A F =z A G. Draw 
through -Fand G the lines F K and G ^respectively 
parallel to AB and A C. The energy supplied to the 
motor equals the product of electro-motive force E and 
current C, whilst the work converted into mechanical 
energy in the armature of the motor equals the product of 
counter-electro-motive force e and current C. Let R repre- 
sent the total resistance in the circuit, then C = — 5—* 

which in our diagram is represented by the length F C 
divided by R, The energy delivered to the motor is 
evidently 
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E{E - e) 



and that converted in the motor is 
e{ E - e) 

Now the area of the rectangle FKDC^E{E — e) 
and the area of the rectangle G B K L ^ e {E — e)\ 
and since £ is a constant, we find that these areas — shaded 
in our diagram — are proportional to the work expended 
and recovered. 

Thompson's diagram can immediately be used to solve 

Fig. 62« 




graphically two of the problems which have already been 
treated analytically in the first chapter (page 38). These 
are the following : First, what is the condition of maxi- 
mum work obtained from the motor ? and, secondly, 
what is the condition of maximum eflSciency ? 

The answer to the first question is easily found by in- 
specting our diagram. Fig. 62. Since the rectangle 
G B K L^ which represents the work of the motor, is in- 
scribed between the diagonal A D and the sides A B, 
D B ; the question resolves into that of finding which of 
all possible rectangles inscribed within these lines has a 
maximum of area. This is evidently a square, the sides 
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of which are half as long as those of the external square. 
In this case the work expended is represented by a rect- 
angle of half the area of the external square, and the 
efficiency is therefore 50 per cent. 

1 E" 

We have: Work expended— — . 

„ Work recovered -^ — . 

„ Efficiency n = 0*50. 

As regards the second question it will readily be seen 
that the discrepancy in the area of the two rectangles. 
Fig. 62, is the greater, the nearer the point is to A^ or in 
other words, the smaller the counter-electro-motive force. 
In the same measure as the latter increases, point L is 
pushed further towards -D, and the areas of the two rect- 
angles become more and more equal. The efficiency, 
therefore, tends towards unity as the counter-electro- 
motive force of the motor tends towards the electro-motive 
force of the source of supply of electricity. This state- 
ment has already been made in the first chapter, and it is 
theoretically quite accurate ; but from a practical point of 
view it requires some qualification. It will be seen that 
when the counter-electro-motive force of the motor ap- 
proaches very closely the electro-motive force of the 
supply, the current becomes very small, and the work 
expended and converted becomes also very small. Now 
the work converted in the motor is not all available 
in the shape of external mechanical energy, and it may 
well happen that in this case, after the resistance of 
mechanical and magnetic friction has been overcome, no 
margin remains for useful external work. The com- 
mercial efficiency would therefore be Zero, although the 
theoretical efficiency is a maximum. To put the matter 

K 
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in another way : a certain 'minimum of current is required 
to overcome the friction of the motor, quite apart from 
any external resistance- It has been shown that with a 
constant field the torque of the motor depends only on 
the current which passes through the armature, but is 
independent of the speed. We may apply this law with 
suflScient approximation to the present case and assume 
that at all speeds the current which is required to over- 
come the internal friction of the motor is constant. Let y 
represent this minimum of current, which will just keep 

E — e . , 

the motor alone gomg, then — ^— — y is the current 

doing useful external work, and the commercial eflSciency is 

E - e 

— 7 



R 



»» = V=i 



E E - e 

R 

Ee - e' - e Ry 

*^~ E^ - Ee 

To find the condition under which » becomes a maximum 

d y\ 
we put -- = O and obtain 
^ a e 

{E - ey ^ E Ry 29). 

This formula is capable of graphic representation. Let 

in Fig. 63 O -4 represent the current 7, which is required to 

keep the motor revolving at or near its normal speed when 

no external work is being done, and let O H represent the 

electro-motive force E of the source, which we suppose to 

be constant for all conditions. This would be practically 

the case if the source of current were a self-regulating 

dynamo, or a set of secondary batteries having a very low 

internal resistance. The area of the rectangle O A G H 

represents the number of watts required to overcome the 
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friction of the motor at its normal speed when doing no 
external work, and if the motor be shunt-wound, or com- 
pound-wound for constant speed, its strength of field will 
not greatly vary when external work is being done, and 
we may with a reasonable degree of approximation regard 
the area of the rectangle O A G H to represent the 
internal loss of energy in the motor under all conditions. 
Draw O jR at such an angle to the horizontal that its 
geometrical tangent is numerically equal to the total 
electrical resistance of the motor and the line, then S A 



»*.-..H 



Fig. 63. 
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represents the loss of electro-motive force corresponding 
to the current O A, M D represents the loss correspond- 
ing to the current O Z>, and so on. Produce O N^ S A 
and complete the rectangle O N P H (dotted in our 
diagram). The area of this rectangle is evidently equal 
E Rjy and if we produce a square O B K L oi equal 
area, the side O L will be equal to the square root of 
E Rjy and will, according to equation 29) represent E — e. 
Hence it follows that if we so load the motor that its 
counter-electro-motive force e ^ H L^it will work with 
maximum commercial efficiency. The energy obtained 
at the motor spindle is represented by the area of the 
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rectangle G F M T, the energy expended at the source 
of electricity is represented by the area of the rectangle 
O D F Hy and the ratio of the two is the commercial 
efficiency. 

In the preceding chapter it was shown how, by the use 
of an absorption dynamometer, the speed for a maximum 
commercial efficiency can be found experimentally ; it 
was also shown how, in the xjase of a series-wound motor, 
this determination can be made with a fair degree of 
approximation even without the use of a dynamopieter. 
We can now employ the relations just found to make this 
determination for shimt or compound-wound motors also, 
without requiring the use of a brake. This can be ex- 
plained by an example from actual practice. One of the 
author's dynamos (shunt-wound and designed to feed sixty 
incandescents) was used as a motor. The electro-motive 
force of the source, which was a compound-wound dynamo, 
was 1 00 volts, current through motor when running empty 
was 4 amperes, speed 1,100 revs., and resistance of line 
and motor '2 ohn^ We have now R%=^'% and ^y E Ry = 
y"80 = 8*94. To obtain best efficiency the motor must 
therefore be so speeded that its counter-electro-motive 
force ^= ICk) — 8-94 

e = 91 volts. 

When running empty the counter-electro-motive force is 
100 — 0-8 = 99-2. 

The best working speed is therefore 

91 
1100. ^^ ^ = 1010 revolutions. 
99*2 

The current passing at that speed is 45 amperes, of which 

4 amperes are required to overcome the internal friction 

of the motor, leaving 41 amperes to produce useful 

external work. By gearing the motor to the speed of 
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1010 revolutions a minute, we shall therefore obtain 

41 X 91 

— — - — = 5*07 H-P, actually available on the motor 

spindle. 

But it is not always possible to keep the motor running 
exactly at the right speed, especially if the load should 
vary, and in this case it becomes important to know how 
far on either side of the best speed a variation may take 
place without seriously reducing the efficiency. For the 
motor above cited we find the following figures : — 
1010 revs. 5-07 H-P. ^ = 91 c=45 82-87o Com. effic. 
1065 „ 2-07 „ =96 =20 76-7 

944 „ 8-20 „ =85 =75 80-0 

It will be seen from this table that a shunt-wound motor 
is fairly self-regulating, the range of speed between no 
load and full load being only about 157o ii^ the present 
instance. It should be here remarked that the motor de- 
scribed is intended for a working current of 45 amperes, 
and should not be loaded to more than 5 H-P for con- 
tinuous work. This reduces the extreme variation in speed 
to something under 97o- To show the influence of the 
resistance of the armature on the best speed and efficiency, 
a table is added, calculated for the same motor and the 
same electro-motive force, but with an additional resis- 
tance of '3 ohm in the circuit of the armature, making 
R = -5. 

950 revs. 2*82 H-P. c = 86 c = 28 73-57o Com. effic. 

860 „ 4-30 „ =77 =45 70*5 

1000 „ 1-96 „ =90 =20 72-0 „ 

In practice, however, the additional resistance would 
not be placed in the circuit of the armature, but in the 
line, where, indeed, it is unavoidable if the transmission 
of energy has to be made over a considerable distance. 
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By inserting the resistance into the armature circuit only, 
we have not disturbed the condition under which alone 
formula 29) gives the best speed, viz., that the strength of 
the field shall be the same for all currents and speeds. 
This condition might be fulfilled even in the case of a 
transmission to a considerable distance if we excite the 
field of the motor separately or by a pair of separate wires 
from the distant source, but in practice such an arrange- 
ment would be too complicated and, as we shall see pre- 
sently, it would have no advantage in point of constancy 
of speed over the simpler plan of exciting the field of our 
shunt-motor direct from the line which brings the working 
current. The effect of an increased resistance in the line 
is in the first instance to lower the electro-motive force at 
the terminals of the motor. With a constant strength of 
field this would naturally lower the speed of the motor, 
but if its field magnets are not excited to the saturation 
point, the reduction of electro-motive force at the ter- 
minals of' the motor will result in a reduction of the 
strength of the field, thus allowing more current to pass 
through the armature by which its torque and speed is 
increased until its counter-electro-motive force again 
balances the reduced electro-motive force of the supply. 
The variation of speed will therefore be smaller than 
would at first sight appear. But a little consideration 
will show that the gain in speed due to the increased 
armature current can never quite compensate for the loss 
of speed due to the reduced electro-motive force, and thus 
a pure shunt- wound motor, if fed from a source of con- 
stant electro-motive force can never be perfectly self- 
regulating. It must run faster when the load is thrown 
ofl^, and it must run slower if more work is put on it. 
We found the same to be the case with the pure series- 



Digitized 



by Google 



SHUNT-WOUND MOTOR. 135 

wound motor, but in a more marked degree. In this 
respect the shunt motor is preferable, as will be seen from 
the above tables (page 133), as its speed when running 
empty is only slightly higher than when loaded, whereas 
the speed of the series motor when running empty is 
excessive. On the other hand, the shunt motor has no 
starting power, since its armature, when at rest, forms a 
short circuit of very low resistance. To start a shunt 
motor it is necessary to arrange the switch in such manner 
that the field becomes excited before the current is 
allowed to flow through the armature, and to avoid 
excessive sparking or heating of the armature, in cases 
where the motor has to start with the load on, additional 
resistances must be placed into the armature circuit, 
which are again cut 'out as soon as the motor has attained 
some speed. 

We shall now investigate the problem in what manner 
the electro-motive force of the source of supply must be 
varied in order to produce constant speed in a shunt- 
wound motor working under a varying load. Not to com- 
plicate the problem too much, we assume that the field 
magnets of the motor are, with the normal electro-motive 
force, excited to a very high degree, so that any slight 
variation in the magnetizing current cannot produce any 
material difference in the strength of the field. Under 
this condition the counter-electro-motive force in the 
armature of the motor will vary directly as the speed ; 
and since the latter is to be constant, the former will also 
be constant for all loads. Let y represent the armature 
current if the motor runs without load, let c be the 
current when there is a load, and let e be the constant 
counter-electro-motive force, then (c— y) c represents the 
external mechanical energy ; and since e and y are both 
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constants, a variation of external energy, or, as we call it, 
a variation in the load of the motor, makes it necessary to 
vary the current c through its armature. This is done by 
raising the electro-motive force ^ of the supply if the load 
increases, and lowering it if the load decreases. Let R 

E ^ e 

be the resistance of line and armature, then c = — ^— 

and E =^ e '\- c R, We neglect as very small the amount 
of current required for the shunt on the field magnets. 
The equation shows that to maintain a constant speed of 
the motor the electro-motive force of the source ought to 
increase with the load. Its lowest value, when there is 
no load, will be ^ = e + y 5, and its highest value will 
be when load, and consequently current, are both maxima. 
The difference between the lowest and highest value will 
be the less, the smaller the resistance R of line and arma- 
ture, but it can never entirely vanish, for that would re- 
quire a line and an armature of no resistance. From the 
above considerations it will be seen that two shunt-wound 
dynamos can under no circumstances form a system of 
transmission of energy at constant speed of the receiving 
machine, because the electro-motive force of the generator 
— which we suppose to be driven by some prime mover at 
a constant speed — decreases as the current given out in- 
creases, whereas the motor requires exactly the opposite 
relation between tbese quantities. A shunt motor might 
be made to run at a constant speed by using an over- 
compounded dynamo for the generator. The principle of 
the compound-wound dynamo, or, as it is also called, of 
the self-regulating dynamo, is so well known that a few 
words only of explanation will suffice. 

Let the field magnet of a dynamo machine be wound 
with two coils, one of fine high resistance wire coupled 
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direct to the brushes, and the other of stout low resistance 
wire, coupled in series with the brushes and the external 
circuit. If the latter be open no current passes through 
the main or series coils, and the magnetism of the machine 
is entirely due to the exciting power of the shunt coils. 
If the machine is properly designed, this amount of mag- 
netism should produce an internal electro-motive force 
exactly equal to that which it is desired to maintain at all 
currents in the external circuit, provided the dynamo is 
driven at a constant speed. If a cun'ent is permitted to 
flow through the armature, the electro-motive force 
measured at the brushes is naturally somewhat less than 
that created within the armature coils, on account of 
losses through resistance and self-induction, the loss in- 
creasing with the current. To compensate for this loss it 
is necessary to increase the internal electro-motive force, 
and this is accomplished by an increase in the strength of 
the magnetic field. This is brought about automatically 
by the main current itself, which assists the shunt current 
in exciting the field magnets. In a correctly compounded 
machine the increase of magnetization due to the main 
coils is just sufficient, and no more than sufficient, to keep 
the external electro-motive force constant at all currents 
which can safely be passed through the machine. We 
say the machine is accurately compounded for constant 
electro-motive force. 

Now it is easy to see that we can overdo the thing, by 
putting on somewhat finer shunt wire, which will lower 
the electro-motive force when the machine works on open 
circuit or on a circuit of high resistance ; and by in- 
creasing the number of main coils so as to make the ex- 
citing power of the main current preponderate over that 
of the weaker shunt. In this case the increase of internal 
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electro-motive force will more than counterbalance the 
loss through self-induction and resistance, and the result 
will be that up to a certain limit the external electro- 
motive force will rise as the current increases. Such an 
over-compounded machine could therefore be used as a 
generator, the receiver being an ordinary shunt machine, 
and we would thus obtain a system of transmission of 
energy at constant speed. 

Theoretically this is quite correct, but in practice there 
arises a difficulty due to the fact that the polarity of a 
compound machine can easily be reversed, especially if 
the influence of the main coils is considerably greater 
than that of the shunt coils. The author has attempted 
to establish such a system of transmission of energy at 
constant speed, but failed for the above reason. The 
failure was, however, more instructive than would have 
been the case had the system worked with theoretical per<* 
fection, and an account of it was published at the time in 
" The Electrician " (April, 1885), of which the following 
is an abstract :— 

^^ A series-wound dynamo, when used as a motor, runs 
in the opposite direction to that in which it has to be 
driven when used as generator. To make the machine 
run in the same direction (call it forward), the coupling 
between field and armature must be reversed. With a 
shunt machine this is not so ; the coupling between field 
and armature remains the same when used as a motor, 
and it runs always forward. The shunt machine used by 
the author was driven by a current from an over-com- 
pounded dynamo, the shunt of which was weak as com- 
pared to the main coils ; and when the motor was'idoing 
little or no external work it behaved in a most erratic 
manner, running backward and forward alternately. At 
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every reversal excessive sparking took plac.e at the 
brushes of both the motor and generator, and it was 
clear that both machines were overstrained and would 
speedily come to grief if the circuit were not interrupted. 
To explain what takes place under these circumstances 
we will start with the assumption that the generator is 
kept running at a constant speed, and that the motor is 
switched on whenever power is required. This is the 
usual practice where motive power is used at intervals for 
industrial purposes. Since the leads from the generator 
remain always charged, the moment we switch the motor 
on, a large current will pass through its armature and a 
small current through its magnets. As the motor is at 
rest there is no counter-electro-motive force to oppose the 
flow of electricity through the armature, and the result is 
a momentary excess of current. The immediate effect of 
this is to start the armature revolving at a high speed be- 
fore the magnets have had time to become fully excited, 
for it must be remembered that an armature will revolve 
in a non-excited field, though with considerable waste of 
current. The speed required to produce a given counter- 
electro-motive force is the greater, the weaker the excita- 
tion of the field, and hence the motor starts off at a much 
faster speed than it would have in regular work with its 
magnets fully excited. On account of self-induction in 
the shunt field magnet coils, which is considerable, the 
magnets require some time to become fully excited, and 
whilst the strength of the field is growing the armature is 
gathering speed and storing mechanical energy. When 
at last the field magnets are saturated, the armature of 
the motor has attained such a speed that its counter- 
electro-motive force not only equals, but exceeds the dif- 
ference of potential maintained between the leads by the 
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generating dynamo^ and the current is forced back into 
it. For the time being the motor acts as a generator, the 
energy stored mechanically in its revolving armature 
being returned to the circuit in the form of current. This 
reverses the polarity of the compound dynamo (its shunt 
coils being weak, as stated above), and now both the 
generator and the armature of the motor are working in 
series, the generator assisting instead of opposing the 
current started by the motor. At this moment we have 
the following state of things : — The field magnets of the 
motor have just attained their maximum of magnetization 
with their original polarity ; the polarity of the generator 
has been reversed, and an excessive current, in an oppo- 
site direction to that which produced motion, flows 
through the armature of the motor. Consequently the 
latter is quickly brought to rest, and started backward at 
a high speed. It now opposes a certain counter-electro- 
motive force to the current from the generator, but it is 
not an increasing force as before. It is a decreasing one, 
because the original excitation of the motor field magnets 
is gradually vanishing, by reason of the reversal of 
polarity in the main leads, from which these shunt coils 
are fed. Just as it took a certain appreciable time of 
several seconds for the magnets to become excited, so does 
it take time for them to lose their magnetism. Even- 
tually there arrives a moment when all the original 
polarity in these magnets has vanished, and when, there- 
fore, the force impelling the armature to run backward 
has also ceased, though there is still an excessive current 
passing through it. A moment later the armature comes 
to rest, and begins to run forward again at a high rate of 
acceleration, when the whole cycle of phenomena just de- 
scribed is repeated, but this time with a current in the 
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reverse direction to the first. The third cycle will start 
with a current in the same direction as the first, the 
fourth cycle will start with an opposite current, and 
so on." 

A similar phenomenon was observed by M. Gerard- 
Lescuyer, who used a Gramme series-wound dynamo as 
a generator, and a magneto machine as a receiver. He 
called the phenomenon an electro-dynamic paradox, and a 
description of it will be found in " The Engineer " of 
Sept. 17, 1880. 
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CHAPTER VI. 

Classification of Systems according to Source of Electricity — Transmission 
at Constant Pressure — Motors mechanically governed — Self-Regulating 
Motors — Transmission at Constant Current — iSfficulty of Self-R^ulation 
— Motor for Constant Current made Self-Regulating — Application to 
Transmission over large Areas — Continuous Current Transformator — 
Transmission between two Distant Points— Loss of Current by Leakage — 
Theory — Conmiercial Efficiency — Conditions for Maximum Commercial 
Efficiency — Self-Regulation for Constant Speed — Practical Example. 

It will be necessary to distinguish between different sys- 
tems of electric transmission of energy, according to the 
source of electricity. An almost endless variety of cases 
may present themselves in different applications of elec- 
trical transmission, but three systems are of special in- 
terest, because most frequently occurring in practice. 
These are the following : — 

1. Transmission of energy from primary or secondary 
batteries at short distances to one motor only. 

2. Transmission of energy from one or several dynamos 
to a number of motors placed upon the same circuit, but 
working independently of each other. 

3. Transmission of energy between two distant points 
by means of one generator and one motor. 

We may also make another classification according as 
the motors are intended for a constant or variable load, 
or a constant or variable speed. Generally speaking, the 
systems of transmission coming under heading 1) are not 
required for a constant load, nor is it of any great impor- 
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tance that the speed should remain constant under a 
variable load. We shall not enter into a minute descrip- 
tion of these cases here, as the investigation of electric 
tramways and railways, worked by accumulators, will 
afford ample opportunity of entering into details. 

System 2) is that presenting most difficulties on account 
of the condition that all the motors must be independent 
of each other. The case is further complicated by the 
requirement that each motor should run with the same 
speed when empty or loaded. A moment's consideration 
will show that the last condition is an absolute necessity 
if we would make the electric transmission of energy of 
real practical use to small domestic industries. The 
artisan or small manufacturer would have his motor con- 
nected to a common system of service leads, and when- 
ever he required power he would switch the current on 
to his motor. In doing so he must not disturb any other 
work which, at the same time, may be done elsewhere 
from the same service mains, such, for instance, as light- 
ing or working other motors ; and further, his motor 
should always run at the same safe speed, whether it is 
giving him little or much mechanical energy. Most 
operations requiring the use of tools as turning, planing, 
&c., can only be properly performed at a certain fixed 
rate of speed, and the machinery must be kept going at 
that rate at all times. 

System 3) presents difficulties of a different nature. 
Since we have to deal only with one generator and one 
motor, it is easier to make each fit the other, and as a 
rule the load is fairly constant, so that regularity of speed 
is not difficult to obtain. In this case the difficulty lies 
more in the necessity of proper insulation of line and 
machinery. Generally speaking, the system is required 
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for long distance transmission, and to obtain an econo- 
mical arrangement, both as regards first cost and com- 
mercial efficiency, the use of a high electro-motive force 
is necessary. This entails some danger to human life, 
and some difficulty in maintaining an efficient insulation. 
Both these points can, however, be satisfactorily dealt 
with, if proper care is used in the design and execution 
of the work. As regards the danger to human life in- 
volved in the use of electric currents of high pressure, 
this is generally greatly overrated. It is quite possible 
for a man who with both hands should touch the positive 
and negative wires in a non-insulated part, to be killed or 
severely injured if the pressure is over two or three thou- 
sand volts, but the accident can be rendered almost im- 
possible if due precaution is taken. A circular saw if 
only lightly touched whilst revolving will cut a man's 
finger off, and what can be more dangerous than a pair of 
powerful spur wheels ? Yet we have found means of pro- 
tecting life very effectually from destruction by purely 
mechanical means, and shall, without much difficulty, find 
means for protecting it from the electrical danger. 

System 2) is best described as an electrical transmission 
and distribution of energy from one central station to 
several distant points. Now this distribution can be 
made on the parallel or on the series system. In the first 
case the electro-motive force (or pressure) between the 
positive and negative mains must be kept constant, and 
the motors are connected all in parallel from the mains ; 
in the second case the current passing through the mains 
must be kept constant, and each motor, when at work, is 
traversed by the same current. The pressure at the 
station must be the greater the greater the number of 
motors at work. In the first case the pressure is kept 
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constant^ but the current delivered into the mains must 
be the greater the greater the number of motors at work. 
We have thus to distinguish between distribution at con- 
stant pressure and distribution at constant current. The 
first system is represented — ^though as yet on a more 
restricted scale than was anticipated by the promoters — 
by the Edison system in New York and Berlin, the latter 
by the Thomson-Houston system. 

Electric Distribution of Energy at Constant Pressure. 

We must now inquire into the theoretical conditions of 
this case. It will be evident at the outset that for econo- 
mical reasons any attempt to obtain constancy of speed 
by the use of artificial resistances can only lead to a 
partial and not very satisfactory solution of the problem, 
and had better not be made if other means are at hand. 
This, happily, is the case in the present instance. We 
have two means by which we can without waste regulate 
the power of the motor to the work and yet keep it running 
at a constant speed. First, we may apply a mechanical 
device by which the power of the electric current is cut 
off in proportion as the work is cut off, and, secondly, we 
may apply an electrical device, in the shape of special 
winding of the field magnets of the motor by which the 
torque exerted by the armature is automatically regulated 
so as to correspond to the mechanical load. As regards 
the first system, which applies equally well to the dis- 
tribution at constant pressure, and to that at constant 
current. Professors Ayrton and Perry have in a paper on 
Electro-Motors and their Government ^ shown how this 
can be done. They say : " The method of cutting off the 

* " Journal of the Society of Telegraph Engineers and Electricians," No. 
49, vol xii. 1883. 
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power as hitherto employed has this serious defect, that 
instead of the power cut off being directly in proportion 
to the work cut off, the arrangements have been such that 
either all power was cut off or none, so that the motion of 
the motor was spasmodic, just as in an ordinary gas-engine, 
which suffers from the same defects, that full charge of 
gas or no charge are the usual only alternatives. An 
electro-motor governor of this type, which may be called a 
^spasmodic governor,' consists merely of a rotating mercury 
cup into which dips a wire, which makes in this case con- 
tact with the mercury, and so completes the circuit when 
the speed is slow, but which, on account of the hyperbolic 
form assumed by the surface of the mercury as the speed 
rises, ceases to dip into the mercury at high speeds, and 
so breaks contact." Later on the inventors say : " The 
first improvement we made in governing consisted in re- 
placing the * spasmodic governor ' by a Aperiodic governor.* 
With our periodic governor the power is never cut off 
entirely for any length of time, but in every revolution 
pow^f is supplied during a portion of the revolution, the 
proportion of the time in every revolution during which 
much power is supplied to the time during which less is 
supplied depending on the amount of work the motor is 
doing. Our periodic governor, then, differs from the 
spasmodic governor in the same way that a good loaded 
steam-engine governor differs from the ordinary governor 
of a gas-engine. One of the ways of effecting this result 
is as follows : a brush. Ay Fig. 64, lies on the rotating 
piece, B K^ the cylindric surface of which is formed of two 
conducting portions connected with one another through 
any resistance, and the brush. Ay is moved along the 
cylinder B K under the action of the governor balls. 
When the brush A is touching the contact part By the 
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motor is receiving current directly, but when it rests on 
the part Ky the motor receives current through the resis- 
tance which is interposed between B and K, If the 
governor balls fly out, the brush is moved along J?, Ky 
so that there is contact with K during a greater part of 
the revolution than before ; and if the governor balls 
come together, the speed of the motor being too small, the 
brush is moved in the opposite direction so that it makes 

Fig. 64. 




FBRIODIC OOTBBNOB. 



contact with B for a longer time during each revolution. 
If the motors are in series, we arrange that the periodic 
governor shunts the current periodically, instead of in- 
troducing resistance. In this case the connections are as 
follows : B is made of wood, while K is made of metal. 
K is connected to one end of a shunt coil, the other end 
of the shunt being connected to one of the terminals of 
the motor and A is connected to the other terminal of 
the motor. If, then, A rests on £, the shunt is inope- 
rative and all the current passes through the motor ; * 
whereas, if it rests on K, the shunt is in operation, and 
part of the current only passes through the motor." It 
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will be seen that both these governors invented by Pro- 
fessors Ayrton and Perry, have partially, at least, the 
fault of depending on artificial resistances whether they 
^be used for parallel or series work. The loss of energy 
thus occasioned can be reduced by making the resistance 
high for parallel, and low for series work, and on purely 
theoretical grounds it could even be entirely prevented 
by making the resistance infinite, that is, breaking the 
circuit altogether during a portion of each revolution 
when working in parallel. But this would produce an 
unequal turning force, and would also entail destructive 
sparking between the brush, A, and the contact pieces 
B and K, Even if the resistance between B and K or 
that of the shunt coil between K and one terminal of the 
motor is fairly low, there seems to be some sparking ; for 
the inventors say in their paper that with any such 
governors it is difficult to entirely prevent sparking, and 
that on this account motors wound so as to be self-regu- 
lating without any mechanical device are preferable. 

Broadly speaking, the self-regulating motor is the con- 
verse of the self-regulating dynamo wound for constant 
pressure. In a properly compounded dynamo the electro- 
motive force or pressure at the terminals must remain 
constant, although the resistance of the external circuit 
may vary between wide limits, causing an inversely pro- 
portional variation in the external current. The power 
required is approximately proportional to the current. 
The machine works, therefore, under iJbese conditions : 
Speed constant — Electro-motive force constant — Current 
variable — Power required to drive the machine also vari- 
able, but proportional to current. Now, in a self-regula- 
ting motor the conditions are: — Electro-motive force 
constant — Speed constant — Power variable — Current re- 
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quired to drive the motor also variable, but proportional 
to power. 

It has ah'eady been pointed out that in a general way 
dynamo and electro-motor are convertible terms ; and 
although there are cases when it is impracticable to work 
a motor as a dynamo, it is always perfectly easy to work 
a dynamo as a motor. From this general convertibility 
it is reasonable to expect that a properly compounded 
dynamo can without any alteration in the connection be- 
tween its field magnet coils and armature, be used as a self- 
regulating motor, the only condition being that it shall 
be supplied with current at a constant electro-motive 
force. When speaking of a self-regulating motor in the 
sense that its speed of rotation shall automatically be 
kept constant whatever variation might occur in the load 
or mechanical resistance which the armature of the motor 
has to overcome, it must be understood that this refers 
only to such cases where the load varies between zero 
and a maximum not beyond the capability of the motor. 
If we throw an excess of load on to the motor, it will pull 
up or slacken speed, and thus cease to be self-regulating, 
just as the electro-motive force at the terminals of the 
best compound-wound dynamo will be lowered if we 
allow an excess of current to flow. But within a reason- 
able limit of load in the case of the motor, and a reason- 
able limit of current in the case of the dynamo, both 
machines can be made self-regulating, and this result is 
obtained by the same means, that is to say, the same 
winding which wiU make the dynamo give a constant 
electro-motive force, will make the motor run at a con* 
stant speed. This result might be expected on the 
ground of the general convertibility of these machines, 
but since it is of great practical importance, special proof 
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IS desirable. This can be easily obtained from our for- 
mulas in Chapter IIL According to equation 7) the 
torque exerted by an armature current, (7«, in a field of 
Z lines, is in absolute measure : 

y^ ZNtC, 

IT 

It is independent of the speed, and since Nt is constant 
for any given motor, the torque or turning moment 
exerted by the armature is directly proportional to the 
product of the strength of field and armature current* 
By increasing either or both these factors we are able to 
overcome our increased load. Since the electro-motive 
force is supposed to be constant, it is evident that a varia- 
tion in load must be compensated mainly by a variation 
in current Assuming that the ends of the shunt coils 
are coupled to the terminals of the motor — ^not to the 
brushes — we have, retaining the notation of Chapter III., 
the following equations : 

The counter-electro-motive force E^ is, according to equa- 
tion 5), expressed in volts by 

E, = ZNtnlO"' 5) 

E,— {r^ + r.) C, = ZNt n 10-^ 
Now the condition under which the motor is to be used is 
that the electro-motive force at its terminals E^y shall be 
kept constant. We have, therefore, 

Constant E, = (r^ + rj C^ ^ Z Nt n ICr*. 
Since the speed n must also remain constant if the motor 
is to be self-regulating at all loads, the only variables are 
C^ and Z, which have to satisfy the above equation. In 
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other words, we may regard the field Z as a function of 
the armature current (7«, and the condition that the 
motor be self-regulating is brought down to this, that the 
strength of its field shall depend on, and vary in a certain 
manner with the current passing through the motor. 

Ntn 

We see by this equation that Z will be the smaller the 
greater C^, and since C^ is almost directly proportional 
to the mechanical load of the motor, we arrive at this, at 
first sight, startling result : that the heavier the work we 
impose upon the motor, the weaker must be its field. It 
might have been thought that as additional load is thrown 
on, we ought so to arrange matters that the magnetism 
of the field magnets becomes strengthened, and able to 
exert an increased magnetic pull on the armature. But 
a moment's reflection will show that the effect of such an 
arrangement would be to reduce the speed. The mag- 
netic pull exerted by the field magnets upon the armature 
does not depend on the strength of magnetism in the field 
magnets only, but is the product of that quantity and the 
current in the armature coils. An increase of pull may 
therefore be brought about either by making the field 
stronger, or by increasing the current in the armature, or 
by both means combined. If we make the field stronger, 
we not only increase the magnetic pull exerted on the 
armature, but we also increase the counter-electro-motive 
force, as will be seen from equation 5), page 81, and thus 
check, or at least reduce, the flow of current through the 
armature at the very moment when we want most power. 
The motor would thus run slower until its reduced 
counter-electro-motive force again allows a current to pass 
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of sufficient strength for the work imposed on the motor. 
If, on the other hand, we seek the increase of power by 
allowing more current to pass through the armature, we 
do not increase the counter-electro-motive force, but we 
have a slight increase in the loss of electro-motive force 
due to the resistance of the armature. To compensate 
for this slight increase of loss, it is necessary to weaken 
the field somewhat for heavy currents, and thus bring 
about the reduction of counter-electro-motive force by an 
amount corresponding to the increased loss of electro- 
motive force due to the resistance of the armature. If 
the motor runs without doing external work, C^ is almost 
zero, and we have the strongest field, 

EtW 
'^ Mn ' 

which is entirely due to the shunt coils. Let now a load 
be thrown on. The immediate effect will be to slightly re- 
duce the speed. The counter-electro-motive force which 
previously was nearly equal to U,, will thereby become 
somewhat reduced, thus allowing a considerable current 
to pass through the armature and the series coils of the 
magnets. This again accelerates the armature until the 
normal speed is reached. The direction of winding of 
the series coils must be evidently such that the main 
working current tends to demagnetize the field magnets. 
Now in an ordinary compound-wound dynamo, the series 
coils are wound and connected in such a way that the 
main current tends to increase the magnetism produced by 
the shunt coils. If we use such a dynamo as a motor, 
the current in the shunt coils will remain the same as 
before, the current in the armatm'e will flow in the re- 
verse direction, and therefore produce motion — instead of 
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resisting it^ as is the case when the machine is worked as 
a dynamo ; and the current through the series coils will 
also flow in the reverse direction, thus tending to weaken 
the field magnets. It will be seen that these are precisely 
the conditions which our theory indicates as necessary, in 
order to make the motor self-regulating, and we find that 
it is correct to say that a compound-wound machine can 
be used either as a self-regulating dynamo or as a self- 
regulating motor. There may be slight difierences in 
the exact proportion between shunt and series coils in 
both cases, but the general principle of compounding is 
the same for either purpose. 

A question of considerable practical importance is that 
of the relation between the weight of the motor and the 
maximum of mechanical energy it can give out. Since 
that maximum must be given out when the field is 
weakest, whereas in a non-self-regulating motor the 
arrangements can always be so made that the maximum 
is given out when the field is strongest, it is evident that, 
for a given power, the self-regulating motor must be 
heavier. This is certainly a drawback, and it becomes 
necessary to know what price, in the shape of increased 
weight, we have to pay for the advantage of automatic 
regulation. Our formula for Z enables us to form a 
rough estimate of this increase in weight. The difierence 
between the initial value of Z and the minimum value 
is due to the product (r^ 4- r^) C^, The greater this 
product, the more must the field be weakened, and the 
smaller is the maximum of power obtainable with a given 
weight of motor. It is therefore of importance to keep 
the product (r^ + rj C^ as small as possible, and 
since (7«, which we must consider as the primary source 
of power, cannot be reduced, it is evident that the re- 
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sistaDce of series coils and armature should be as small 
as possible. Now, in a good modem motor, the loss of 
electro-motive force occasioned by the resistance of these 
parts, varies between 5 and 10 per cent, of the electro- 
motive force applied at the terminals ; take 7 per 
cent, as a fair average, and we find that if the initial 
field is represented by, say, 1,000 lines, the field at full 
work will contain 930 lines. Now if the motor were not 
self-regulating, the field at full power would contain 
1,000 Unes, and thus be able to develop about 74^ per 
cent, more mechanical energy. If, on the other hand, 
we wish the two motors to develop the same maximum 
of mechanical energy, the field magnets of the self-re- 
gulating motor would require to have 7^^ per cent, more 
cross sectional area. Since series and shunt coils act 
differentially, a larger amount of copper is also required. 
This excess would probably amount to about 24- per cent, 
of the total weight, so that in all the self-regulating motor 
will weigh 10 per cent, more than an ordinary motor which 
is not self-regulating. This does not seem too high a 
price to pay for the safety and general comfort of a self- 
regulating motor, and if once a service of electric light 
mains on the parallel system were laid down throughout 
certain populous districts in our towns, it would be per- 
fectly practical to utilize the same mains for distributing 
motive power to artizans and small manufacturers by 
supplying them with such self-regulating motors. 

Electric Distribution qf Energy at Constant Current. 

This problem is not of so easy solution as the distribu- 
tion of energy at constant pressure, and the difficulty is 
a fundamental one. It lies in this, that there is no direct 
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connection between the speed of a motor and the current 
which flows through its armature. There is a direct con- 
nection between speed and electro-motive force, and, 
therefore, self-regulation is possible without the use of 
any external appliance in the shape of a mechanical 
governor or other apparatus which controls the power. 
But where the current is constant, some kind of external 
governor is necessary. This follows also immediately 
from M. Marcel-Deprez's experiments cited in Chapter 
III., page 90. We have seen that the speed was 
totally independent of the current, the latter remaining 
throughout the range of each experiment practically con- 
stant, whereas the speed was in some cases increased five- 
fold, by simply increasing the electro-motive force of the 
source. When a number of motors are coupled in series, 
as would be the case in a general system of distribution, 
the difficulties are much increased. To test this matter 
experimentally the author has placed three precisely 
similar motors (series-wound) in series into the same 
circuit. The current was supplied by a dynamo, and 
the three motors were loaded by brakes to as near as 
may be the same amount. It was then found quite im- 
possible to keep all three motors going for any length of 
time at the same speed. The least irregularity in the 
current, or the least variation in the friction of the brakes, 
would cause first one and then the other motor to come 
to rest, whilst the speed of the remaining motor increased 
to a dangerous extent. 

Professors Ayrton and Perry have in the paper above 
mentioned proposed to make motors self-regulating if 
worked by a constant current in the following way : 
The field magnets. Fig. 65, are wound differentially with 
a fine wire coil, which is a shunt to the armature only, 
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and a thick wire coil which is in series with the armature 
and main current. The armature and shunt coil consti- 
tute a shunt motor, the armature and main coil a brake 
generator which is intended to absorb any surplus power 
if the load is thrown off. As far as the author is aware 
the system has not been tried in actual practice, and 
there are theoretical reasons for expecting that it would 
not work. From equation 7) it will be evident that the 
field must be strongest when the lead is greatest. Now 
suppose that the differential winding could be so propor- 



Fig. 65. 




tioned that for a given load the field is exactly of the 
right strength to produce the normal speed. Now let a 
very slight additional load be thrown on. The immediate 
effect will be to slightly reduce the speed, and in conse- 
quence of the reduction in speed the magnetizing current 
in the fine wire coil will also be reduced. The field will 
thus be slightly weakened. This will further reduce the 
speed and again weaken the field, and so on, until the 
armature comes to rest. At that moment the magnetizing 
influence of the main coils, which is in the opposite direc- 
tion to that of the shunt coils, will alone exist, and the 
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field magnet instead of presenting a N pole to the arma- 
ture, as shown in the illustration, will present a S pole 
to it. The tendency must therefore be to reverse the 
motion, and thus the slight addition of load has not only 
brought the armature to rest, but actually caused a 
tendency to run backwards. Whether it will run back- 
wards depends on the relative magnetizing power of the 
main and shunt coils. 

An arrangement devised by the author, and which 

Fig. 66. 
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seems to promise somewhat better to fulfil the condition 
of constant speed, is shown in Fig. 66. A is the armature 
of a series-wound motor mounted upon a spindle, to 
which is also attached the armature a, of a small series- 
wound dynamo which has no other work to do but to 
supply current for demagnetizing the field magnets of 
the motor. The main current magnetizes them in the 
direction, say, from B to C, the auxiliary current from 
the dynamo acts in the direction / to ^, and tends to de- 
magnetize them. J c is the field magnet coiJ of the 
dynamo. Now for each dynamo working on a closed 
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circuit of constant resistance^ as in the present case, there 
exists a critical speed at which it will begin to give a 
current of some strength. Below that speed it gives 
hardly any current, and above that speed it gives almost 
at once the full current. The motor should be so geared 
as to run at the critical speed of the little auxiliary 
dynamo. If now an additional load be thrown on^ the 
immediate result will be to reduce the speed of the motor, 
thereby causing the armature of the dynamo to run 
below its critical speed. The dynamo will thus partly or 
entirely lose its current and the demagnetizing influence 
which previously has kept the field below its full strength, 
will to a greater or lesser degree be withdrawn. The 
strength of the field will thus be increased, and an 
additional magnetic pull will be brought to act on the 
armature, by which it can overcome the increased load. 
In case the load be entirely thrown off, the motor will 
have a tendency to race, but this tendency will be im- 
mediately checked by the auxiliary dynamo, the current 
from which increases considerably with a very slight 
increase of speed. Its demagnetizing influence is thus 
enormously increased, and the field of the motor is 
weakened* to such an extent that there is just power 
enough left to drive the dynamo but no more. To make 
this arrangement successful it is necessary that the field 
magnets of the auxiliary dynamo be made of very soft 
iron, so as not to retain any considerable amount of per- 
manent magnetism, which would alter the critical point 
as between an increasing and decreasing speed. The 
more sensitive and unstable the dynamo can be. made, 
the better. For this reason it is also necessary to place 
the two armatures a considerable distance apart on the 
same spindle, so that the field magnets of the motor may 
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not induce magnetism in the field magnets of the dynamo^ 
and thus disturb the critical point. In practice it would 
probably be found necessary to place a bearing between 
the two armatures, and that could easily be so shaped as 
to act as a screen between motor and dynamo. 

The importance of having self-regulating motors of this 
description cannot be over-estimated. If we would dis- 
tribute electrical energy over a considerable area it is 
absolutely necessary to work at high pressure, otherwise 
the cost of copper in our mains becomes prohibitive. On 
the other hand, we cannot, under the provisions of the 
Electric Lighting Act, 1882, employ in our houses a 
higher electro-motive force than 200 volts, and even that 
is seldom employed, since for incandescent lighting in 
parallel connection we are limited by the electro-motive 
force of the lamps, which as yet has not much exceeded 
100 volts. Lamps of greater voltage can be made, but 
are as a rule too delicate for ordinary use. In a system 
of general supply we would thus be practically compelled 
to distribute electricity at the exceedingly low potential of 
100 volts. As Professor G. Forbes, in his Cantor Lec- 
ture at the Society of Arts, has pointed out, the transmis- 
sion of electric energy at so low a potential would require 
the use under our streets of copper conductors half an 
inch thick tod many yards wide. This is quite out of the 
question, and some means of economizing copper must be 
discovered before we can attempt to transmit electric 
energy to any distance. Professor Forbes, in the course 
of lectures above mentioned, has shown several methods 
by which a reduction in the cost of mains can be attained. 
Of this question more is said in Chapter VII. For the 
present it will suffice to point out that the system of trans- 
mitting energy by so-called secondary generators is the 
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most likely to effect the desired object, but, being based 
ou alternating currents, is not suitable for general pur- 
poses of motive power. By the use of self-regulating 
motors, such as the one described above, we can, how- 
ever, not only transmit the electrical energy of a high 
tension current over a long line of consummg centres, but 
we can also transform it into the energy of low tension 
currents at these centres, which currents would have to be 
distributed over a limited area only, and thus not require 
any excessive amount of copper for mains. Such a trans- 
formator, for continuous currents would consist of a self- 
regulating motor with auxiliary dynamo and a self-regu- 
lating dynamo wound for constant electro-motive force. 
The three armatures could be mounted on the same 
spindle, and the whole apparatus could be self-contained. 
The co-efficient of efficiency of a transformator of this 
type would be slightly lower than that of an alternating 
current transformator, because on account of having a re- 
volving part, certain mechanical losses would be incurred. 
But the efficiency would still be fairly satisfactory ; pro- 
bably about 75 per cent, of the energy of the high tension 
current could be recovered in energy of the low tension 
current, and the saving of coal effected by producing the 
power originally by large engines at the central station 
would of course be very considerable. 

According to the classification made in the beginning 
of this chapter we have now to consider 

System 3), which comprises the transmission of energy 
between two distant points by means of one generator and 
one motor. 

Let jE^, JEi, and JE^ represent respectively the electro- 
motive force in the armature, at the brushes and at the 
terminals of the generator, and let e^, ^3, and e, repre- 



Digitized 



by Google 



LONG DISTANCE TRANSMISSION. 161 

sent the same for the motor. Let R^^ R^^ represent the 
resistance of the armature, and magnetizing coils of the 
generator, and r^, r^ represent the same for the motor, 
then we have, according to the equations 15) to 22), if 
both machines are series-wound, the following relations : 

Generator. Motor. 

^a = ^« + CR^. «a = ^« - C^a. 

C being the current sent by the generator into the line, 
and c being the current received by the motor. If the 
insulation of the line were perfect, these two currents 
would be equal ; but in practice some small leak of cur- 
rent from the positive to the negative circuit, when the 
line extends over several miles, can hardly be avoided, 
and therefore we must assume 

C >c. 
The loss of current (7 — c represents, as far as the 
generator is concerned, a waste of energy expressed by 
the product 

Et{C - c) watts. 
As far as the motor is concerned, this leak not only re- 
duces the current which is available at the receiving 
station, but it has also the effect of reducing the available 
electro-motive force e^ beyond the value corresponding to 
the current c. It will be clear that unless the leak occurs 
close to the generator, part of the line will have to carry 
a current larger than c, and thus the loss of electro-motive 
force due to the resistance of the line must be greater 
than the product of that resistance and the motor-current 
c. If the line is throughout its entire length equally well 
insulated, each unit of its length will have the same in- 
sulation resistance, which should be very high in com- 

M 
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parison to the conducting resistance itself. In a perfect 
Kne it should be infinite, but, as remarked above, this 
is not obtainable in an overhead circuit going many 
miles across country. Let q represent the conducting re- 
sistance of the line, and let i denote the insulation resis- 
tance between the positive and negative lead for unit 
length, then, if the distance from the generator to the 
motor be /, the total insulation resistance a$ measured on 

a Wheatstone bridge would be r. Knowing this from 

actual measurement, it might be thought that by the 
application of Ohm's law we could easily find the leak, 
(7 — c, by simply dividing the electro-motive force be- 
tween the wires by the insulation resistance. This would, 
however, not be correct, for the simple reason, that the 
electro-motive force between the wires is not a constant, 
but diminishes in a certain ratio as we approach the dis- 
tant end of the line, the actual law by which this diminu- 
tion takes place depending not only on the resistance of 
the line and the current, but also on the insulation resis- 
tance itself. The question is therefore not so simple as it 
at first sight appears. An approximate solution sufii- 
ciently accurate for practical purposes is the following : 

Let e represent the electro-motive force between the 
leads at the distance x from the generator ; let the dis- 
tance be increased \x> x + dx and the leak of current cor- 
responding to length dx be dc^ the drop in electro-motive 
force corresponding to that length being rfe. Then the 
following equations evidently obtain : 

— d B =s c "jdx, 
— dc = 1 dx. 
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From these equations we obtain 



s d B =: -z i c dcy 



and by integration 



£^_L!e^= Constant 

To find the constant we apply the formula to the home 
end of the line, where £ = J?^, c = (7, and obtain between 
that and the far end the relation 

from which we find 



c=^ C' — i {E,' — e,'). 

This gives the current arriving at the motor, but in a 
somewhat inconvenient form. To simplify the expression 
we develop the square root into a series, and since the 
second term is very small in comparison to the first we 
can neglect the second and subsequent powers. 



2 (i C 

Now E,'— e,^={E, + O iE, — e,) and J = J, the 
total insulation resistance of the line. Hence 

The leak of current is 

Digitized by CjOOQIC 



164 ELECTRIC TRANSMISSION OF ENERGY. 

Now — \ ' is the average electro-motive force between 

the out and home lead ; and ( — ^-^ — -\ -j represents the 

current which under that average electro-motive force 

would flow through «7^the total insulation resistance. This 

E e 

current^ multiplied by — * ^ ' ^ gives the actual leak. It 

will be observed that g C, being the product of a resistance 
and a current, represents a difference of potential, and in 
this case it represents the electro-motive force which would 
in a line of perfect insulation be required to drive the 
full initial current C through the circuit, supposing the 
far ends were in metallic contact, g C represents, there- 
fore, the loss of electro-motive force if there were no leak. 
The actual loss. Eg — e^y is naturally somewhat greater, 
and thus the quotient between the two must always be 
greater than unity. From this it follows that the loss of 
current due to leakage along the line is slightly greater 
than the figure we obtain by dividing the average electro- 
motive force by the total insulation resistance. Where 
the insulation resistance is very high, and the conduct- 
ing resistance very low, the leak will with suflicient 
accuracy be expressed by 



^—(^N^H 



but when the conditions are less favourable formula 30) 
should be used. 

It is necessary in this place to briefly consider the in- 
fluence of the leak on the total efficiency of a system of 
electric transmission, especially with reference to the most 
economical speed of the motor. In text books, and in 
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scientific articles on the subject, the assumption is gene- 
rally made that the insulation of the line is perfect. This 
may be so in some exceptional cases, but a general theory 
must include all cases ; it should, therefore, take the leak 
into account. As far as the writer knows, this has only 
been done by Professor Oliver Lodge in his treatise on 
the transmission of power by dynamo-machines, published 
in ^^ The Engineer," 1883. It is also generally stated 
that the eflSciency is the greater, the nearer the counter- 
electro-motive force of the motor approaches the electro- 
motive force of the generator. It has already been 
pointed out that this is quite wrong (see Chapter V., 
page 129), even if the motor be worked by a current of 
constant electro-motive force, such as would be the case 
if the generator were a self-regulating dynamo placed 
close to the motor, and connected with it by leads of 
practically no resistance and perfect insulation. But 
when the leads have considerable resistance, and especially 
if their insulation is not absolutely perfect, the statement 
above referred to and which is carefully perpetrated by 
successive writers, becomes still more erroneous. From 
equation 30) it will be seen that the leak is the greater, 
the greater e,. At the same time an increase of eg has 
the effect of checking, or at least diminishing, the working 
current c, thus reducing the amount of energy received. 
Since the energy lost by leakage increases with the 
counter-electro-motive force, whilst the energy actually 
given out by the motor at first increases with the counter- 
electro-motive force up to a certain point, but beyond it 
decreases again, it will be clear that high efficiency can- 
not be obtained by allowing the counter electro-motive 
force to approach too near to the electro-motive force of 
the generator. In the following investigation we shall 
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assume for the sake of simplicity that there is absolutely 
no leak in the line. The results obtained will^ therefore, 
be to some extent inaccurate, but they can be rectified 
by using equation 30). Thus with a perfect line we 
would obtain certain values for (7 = c and E^ ; and the 
generator would have to give the current and electro- 
motive force thus determined. Now assume that, after a 
certain time, the line begins to leak, '^his will reduce 
the energy received by the motor, and consequently also 
that given out by it. It is evident that this loss can be 
compensated by running the generator at a higher speed ; 
in other words, by increasing E^ and C beyond their 
original values. A similar plan we follow in the mathe- 
matical investigation. We assume at first that the insu- 
lation of the line is perfect, and we are thus enabled to 
use formulas of great simplicity. This gives a certain 
set of conditions for the generator. If the line is in 
reality in as perfect a state as assumed, the problem is 
solved.^ If, however, the line leaks, we rectify the 
values for E^ and C by using equation 30). This gives 
a new set of conditions for the generator, and the 
mechanical energy necessary for actuating the generator 
must be calculated for these new conditions. The condi- 
tions of the motor are not altered thereby. 

The electro-motive force lost in the line is jc, which 
must be equal to the difference of electro-motive forces at 
the tormina Is of generator and motor 

■£'# = 5^ + ^1- 
The internal electrical energy of the generator is c E^ 
that of the motor is c e^, and the proportion between the 
two is the electrical efficiency of the whole system. 

Electrical efficiency = -^. 
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By combining this expression with the above equations 
we find also : Electrical efficiency 

31). 



It is evident that whatever may be the resistance of the 
line ^, or in other words whatever may be the distance 
to which the energy has to be transmitted, we can always 
obtain the same electrical efficiency by suitably vary- 
ing c and e^. The higher e^y the counter-electro-motive 
force of the motor, the greater is the electrical efficiency. 
Now there are two means by which we can raise the 
counter-electro-motive force. The one is by increasing 
the speed, the other by employing machines containing a 
large number of turns of wire {Nt) on their armatures. 
The first expedient is limited by the mechanical diffi- 
culties generally attendant on the use of excessive speeds, 
and the latter by the difficulty that the internal resistance 
of the machines is the greater the more turns of wire they 
contain. This, in itself, would not affect the result if the 
electro-motive force would increase in the same propor- 
tion as the resistance of the machine. But this is not the 
case. If a given size armature core be wound with many 
turns of fine wire, and a precisely similar core with such 
a number of turns of stouter wire, that both windings fill 
exactly the same space, the weight of copper contained in 
the armature wound with "stout wire must always be some- 
what greater than in the other, because the space wasted 
by the insulating covering on the wire is less. It is 
clearly not admissible to reduce the thickness of insulation 
in the same ratio as the gauge of the wire. A minimum 
thickness is absolutely necessary for the safe handling 
during the process of manufacture, and moreover the finer 
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wire is intended for an armature of higher electronnotive 
force and should for this reason alone have rather better in- 
sulation than the thick wire, which is intended for a lower 
electro-motive force. A good practical rule is to employ a 
covering of cotton about 6 mils for wires of all sizes up 
to about 120 mils. The diameter of the covered wire is 
thus by 12 mils greater than that of the single wire. 
Now it can be shown that the energy wasted in heating 
the wire of the armature is inversely proportional to the 
weight of copper employed, and therefore, with the arma- 
ture of stouter wire, the same electrical output can be 
obtained at a smaller cost of energy wasted in heating 
the wire. The same holds good for the field magnet coils. 
The dynamo wound with stouter wire will, therefore, be 
the most economical of the two, as its internal resistance 
will be relatively small as compared to its electro-motive 
force. Inversely, if we wind the machines (generator and 
motor) with very fine wire in order to obtain a high 
electro-motive force, we increase their resistances, r^, r^, 
B„y jB„, in a somewhat' quicker ratio, and thus lower their 
efficiency, taken apart from the line. As regards die 
line resistance j, the higher the electro-motive force the 
better, and it will be evident that taking these two things 
into consideration there must be one particular value for 
the electro -motive force for which the electrical efficiency 
becomes a maximum. This value can be found in each 
given case by assuming different windings for generator 
and motor, and calculating their electro-motive forces and 
resistances. By inserting the data thus obtained succes- 
sively into equation 31) it can easily be seen which is the 
best. We suppose that the resistance of the line is given. 
The electrical data thus obtained can only be regarded 
as a first approximation to a solution of the problem, be- 
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cause they were obtained on the basis of the highest elec- 
trical efficiency, whereas the question of importance is 
the actual or commercial efficiency. It is sometimes as- 
sumed that the commercial efficiency of dynamos and 
motors bears a fixed proportion to their electrical effi- 
ciency, and if that were so we could obtain the actual 
efficiency of our system of transmission by multiplying 
equation 31) with that fixed proportion. But this would 
not be correct. It is evident that the commercial effi- 
ciency of a motor cannot be a fixed quantity, but must 
depend on the power given out, being, generally speak- 
ing, the higher the nearer the work done by the motor 
approaches to the maximum for which it is designed. 
This relation is best expressed in the manner adopted in 
Chapter V., by assuming that a certain minimum of cur- 
rent, 7, is necessary to overcome the mechanical and mag- 
netic friction of the motor, and that all the power corre- 
sponding to the difference between this minimum and the 
actual working current is available for external work. 
Similarly we assume that a certain minimum of current, ^, 
multiplied by the internal electro-motive force of the 
generator, represents the mechanical energy absorbed by 
mechanical and magnetic friction. We have, therefore^ 
the following relations : 

Generator. 
Work absorbed, fV = {c + ff) E^. 

Motor. 
Work given out, w = (c — y) e^. 

Put -R« + ^m = ^> *^d r^ + r^ = r^ then for series- 
wound generator and motor we have 

^« = ^- + c (^ + i? + ^), 
^= (^ + ^)(^. + ^G + i2 + r)) 
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And the commercial efficiency of the whole system is 

- = (rr^) I: 

A question of practical importance is that concerning 
the working conditions under which, in a given system of 
transmission, the commercial efficiency becomes a maxi- 
mum. As already shown, the first condition for attaining 
this object is to work the generator at as high a speed as 
mechanically safe. We shall therefore assume that its 
electro-motive force E^ is a constant and as high as pos- 
sible. The variables are the current c, and the counter- 
electro-motive force e^ of the motor. If we allow the 
motor to run too slowly it will allow a large current to 
pass, but this will entail a considerable waste of energy 
in heating the line and the two machines. If we speed 
the motor too high, this waste will be very small, but the 
high counter-electro-motive force will only allow very 
little current to pass, and in this case the work done by 
the motor will be small, thus again lowering the commer- 
cial efficiency. Between these two extreme cases there 
must evidently exist one current and one counter-electra- 
motive force for which the commercial efficiency becomes 
a maximum. To find these values we form the first dif- 
ferential quotient and equal it to zero. Thus the most 
favourable current will be found by the equation 

dvi 

and the most favourable counter-electro-motive force will 
be found by the equation — = o. 
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Writing for the sake of brevity J? for E^ and e for ^., 
and B for the sum of the resistances 5 -f i2 + r, the 
first equation gives, 

(c-^ ff) (E -2 Re +yR) -c{JE-i-yR) -{- 
Re' + yi;:=:o, 

c being the only unknown quantity. Resolving the 
equation we find 

e= -ff- ^^ff' +^{ff + 7) + 7ff 33). 

It will be seen that the quadratic equation has two roots 
or values for e, the one being positive the other negative. 
The latter implies that the current travels in the opposite 
direction, in which case the motor would become the 
generator and viee versd. This does not concern us here, 
as it applies to cases where the receiving machine is 
larger than the generating dynamo, an arrangement 
which no practical engineer would employ. We have, 
therefore, only to deal with the positive root, viz.. 



c = - ^ + ^ / + ^ (^ + 7) -f 7^ 34). 

Having thus determined c, we find the counter-electro- 
motive force of the motor, 

e= E - Re 35). 

To obtain a maximum of commercial efficiency the motor 
must be so speeded that its counter-electro-motive force 
attains the value E — Re. 

By using the equation j- = 0, we can also obtain 

directly the most favourable counter-electro-motive force. 
The solution gives again two values for e, one smaller 
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than E, the other larger than E. The latter corresponds 
to the case when motor and generator have changed 
places and need not be further considered for reasons 
above stated. The former value for e is alone of impor- 
tance ; it is given by the formula. 



^ = J? -f Rg—\/ {E-^-RgY - (£" + Rg) (E - Ry) 36). 

This equation does not clearly show that e must in all 
cases be smaller than Ey but on developing the expres- 
sion under the square root on the right, we also obtain. 



e := E -{- Rg - x/ R' g^ -\- R"" g y -i- E R {g -\- y) . 37). 
The same expression is obtained by inserting, 

E -e 



c = 



R 

into formula 34). 

It is evident that the square root in 37) must under 
all circumstances be numerically greater than R g^ and 
therefore e must under all circumstances be smaller than 
E. Now, according to the orthodox theory found in text 
books, maximum eflSciency is obtained for E = e. This 
could only be if ^ = o and y=o; that is to say, if the 
dynamo would absorb no energy whatever when working 
an open circuit and if the motor could be kept running 
idle without the expenditure of electrical energy. Both 
these conditions are evidently absurd. 

Since the formulas 32) to 37) have a somewhat compli- 
cated appearance, it might be as well to elucidate their 
application by a practical example. We will assume that 
in a given system of transmission the generator can be 
worked at the safe limit of 1,000 volts and 20 amperes, 
and under these conditions has a commercial eflSciency of 
807o. Its internal resistance is 5 ohms. Its external 
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electro-motive force at maximum output would there- 
fore be 

1,000 - 20 X 5 = 900 volts. 

To produce 900 volts and 20 amperes with a machine 

having 807o efficiency, requires the expenditure of 

100 
18,000 X -^ = 22,500 watts. Of this amount 20,000 

watts represents the internal electrical energy developed in 
the armature, and 2,500 watts represents the energy ne- 
cessary to overcome the mechanical and magnetic friction 
of the dynamo. At 1,000 volts this energy is represented 
by a current of 2*5 amperes. A similar calculation 
applied to the motor gives, say, 1*5 amperes. We have, 
therefore, 

^ = 2-5 y = 1*5. 

Let us assume the distance between generator and motor 
to be one mile, and the circuit to consist of two miles of 
copper wire "134 inch in diameter. At 98 per cent, con- 
ductivity the resistance of the line would therefore be 
6*2 ohms. Allowing 3 ohms for the resistance of the 
motor, we have 

R = 14-2. 

These are all the data necessary for solving the problem 
as to current and counter-electro-motive force for maxi- 
mum efficiency. Equation 34) gives immediately 

c = 14*5 amperes, 
and 35) or 36) gives 

« = 790 volts. 
The maximum conunercial efficiency attainable under 
these conditions is from equation 32) 

14-5 -1-5 790 _ 

^=i4T:fr2^5 T;ood=«^P^^^^*' 



Digitized 



by Google 



174 



ELECTRIC TRANSMISSION OF ENERGY. 



Assuming then that the generator be kept running at 

such a speed, that its electro-motive force is kept at the 

safe hmit of 1,000 volts, we must, in order to obtain the 

maximum possible return of 60 per cent, of the power 

expended, so gear and speed the motor that it will oppose 

an electro-motive force of 790 volts to the current. The 

strength of the latter will then be 14*5 amperes, and 

the energy actually given out by the motor will be 

790 

^j^ (14*5 — 1*5) = 13'8 horse-power. 

To show how a departure from these conditions affects 
the efficiency and power developed, the following table is 
added : — 



Counter Electro- 
motive Force. 


Current. 


Commercial Effi- 
ciency, per cent. 


Power obtained 
from motor, H. P. 


790 
876 
716 


14-5 
8 
20 


60 
64 
58-6 


14 

7-7 
18 



A glance at this table will show that for currents either 
larger or smaller than 14*5 amperes, the efficiency is less 
than 60 per cent., but that the falling off is limited to a 
few per cent., whereas the power transmitted may vary 
considerably. This is a very valuable property of electric 
transmission of energy, as it allows a variation of power 
between wide limits, without serious sacrifice of efficiency, 
and thus renders the system very elastic. The great 
importance of this point will become apparent when we 
compare electric with hydraulic transmission. In the 
latter the motor consumes always the same quantity of 
water, whatever work it be doing ; and since the pressure 
is constant, the efficiency falls very low if the motor is 
working imder its normal power. To remedy this, Mr. 
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Hastie has introduced a water-motor with variable crank- 
radius^ the latter being automatically adjusted to the 
work done by a spring. A contrivance of this nature, 
although extremely ingenious, adds considerably to the 
cost and complication of the machine and represents an 
additional chance of break-down. On the other hand, 
electricity can be used without any separate contrivance 
for regulation, and has thus a great advantage over 
hydraulic transmission. 

The system of transmitting energy by means of two 
series-wound dynamos has the other advantage of being 
almost perfectly self-regulating as regards the speed of 
the motor. This is a point which has as yet received 
hardly any attention from writers on the subject, and 
therefore a somewhat detailed explanation of this valuable 
property in this place will be opportune. 

It has been shown how a motor intended to be worked 
by a constant current can be made self-regulating, that 
is, can be arranged to run always at the same predeter- 
mined speed, whatever load may be thrown on it. It 
has also been shown how motors can be made self-regu- 
lating, if supplied with current at constant pressure. In 
the first case, the electro-motive force must increase as 
the load increases ; and, in the second place, the current 
must increase as the load increases, one or the other being 
kept automatically constant at the generating station. 
But with a series-wound dynamo, neither the current nor 
the electro-motive force are constant, but vary in a cer- 
tain dependence on each other. It might thus, at first 
sight, seem as if the problem of making the motor self-regu- 
lating were thereby rendered very much more difficult. 
This is not the case. The evil, if we may so regard it, in 
'the dynamo becomes of itself the remedy in the motor. 
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Let, in Fig. 67, O E represent the ordinary charac- 
teristic of the series-wound generator, the curve being 
drawn for a constant speed of, say, 1,000 revolutions a 
minute. Let O e represent the characteristic of the 
motor also for the speed of, say, 1,000 revolutions. The 
counter-electro-motive force developed in the armature 
of the motor at that speed is therefore represented by the 
ordinates of the curve O e. Thus to a current O C will 
be opposed an electro-motive force C -B, to a current 
O C* will be opposed an electro-motive force Ci -Bj, and 

Fig. 67. 




O, C 

SO on. In the dynamo the electro-motive force corre- 
sponding to the current O (7 is (7 -D, and that correspond- 
ing to the current O (7i is (7| -Dj. Draw O R under such 
an inclination to the horizontal that the tangent of the 
angle BOX represents to the scale of the diagram the 
numerical value of the sum of the resistances (-R -f r + j) 
of dynamo, motor, and line, then the electro-motive 
force lost in overcoming these resistances is for the 
current O (7, evidently C A, for the current O Ci, Ci ^„ 
and so on. The ordinates between the straight line O R 
and the characteristic curve O E represent, therefore, the 
counter-electro-motive forces which must be developed in 
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the armature of the motor at various currents. If the 
current is O C, the counter-electro-motive force is A Z>, 
if the current is O Ci the counter-electro-motive force is 
Ai Z>iy and so on. N^ow the counter-electro-motive force 
of the motor, if running at a constant speed of 1,000 re- 
volutions a minute, is given by the curve O e, and it will 
be seen that if the ordinates of this curve are for every 
current equal to the ordinates contained between O R 
and O -E*, then the motor suits perfectly the requirements 
of the generator, and it will run at a constant speeH. The 
motor will run at that speed whether the current be O Cj 
or O Cy provided that Ci A^ = Bi i>„ B.nd C A = B D. 
The solution of the problem consists, therefore, in the 
proper choice of motor and dynamo, so that their charac- 
teristics fit each other as near as possible, as explained. 
Beyond this, no other precaution or apparatus is neces- 
sary to make the system perfectly self-regulating. Even 
if the characteristics should not fulfil the condition C A 
ss B D over their entire range, it will, as a rule, not be 
difficult to find two points, Ci and C, tolerably far apart, 
for which the condition is fulfilled, and between which 
the deviation of one curve from the form demanded by 
the other is very trifling. The system will, therefore, be 
practically self-regulating between these limits. Two 
years ago the author has had occasion to practically test 
the soundness of this theory. He had occasion to use 
electric transmission of energy within the limits of an 
engineering works, for the purpose of supplying with 
power the pattern-makers' shop, which on account of its 
location could not be reached by any mechanical trans- 
mission. The power required by the wood-working ma- 
chines in that shop, including band and circular saws, 
was, of course, very variable, and it became a matter of 

N 
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the greatest importance to keep the main shaft — from 
which the different tools were worked by belting — ^re- 
Yolving at a constant speed. This object was attained by 
the method just described. The generator was a Biirgin 
dynamo^ driven at a constant speed from the main engine 
in another part of the works^ and the motor was also a 
Biirgin dynamo^ but wound for a lower electro-motive 
force. There was a considerable distance between the 
two characteristics O E and O e^ Fig. 68, and to find 
two pomts, O Ci and O C, for which the condition C A 
^ B D should be fulfilled^ it was necessary to increase 
the inclination of the line O 72 by placing a little addi- 
tional resistance into the circuit. This^ of course, entailed 
fiome small loss of energy, but was in no way a fault of 
the system. It was occasioned simply by the necessity 
of using the two dynamos which happened to be at hand. 
If the machines could have been designed for this very 
purpose, no additional resistance would have been re- 
quired, and the automatic regulation would have been 
equally good. 
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The line — Relation between Capital Outlay and Waste of Energy— Most 
Economical Size of Conductor — Formula for Maximum Current — For- 
mula for Mean Current — Tables for Finding Most Economical Sise— 
Heating of Conductor — Table for Rise of Temperature. 

Both as regards first cost and economy of working, the 
line forms a very important item in any extended system 
of electric transmission of energy. We have to consider 
two separate cases. The one, where energy from a 
central station is transmitted to and divided between a 
number of small working centres all grafted upon a net- 
work of conductors forming the main circuit, and the 
other, where all the energy is conveyed to a single 
receiving station along a pair of conductors without any 
ramifications. The first case would occur in a system of 
town supply where electricity is furnished for lighting 
and power purposes, and where the lamps and motors 
are all connected in parallel to the mains. The second 
is that occurring when energy from an hitherto inaccessible 
source is conveyed to a convenient point of application, 
the distance being considerable. Whatever particular 
form of transmission and distribution the system may 
have, it will be clear that the first cost of the conductors, 
and the annual expenditure represented by the energy 
wasted in heating the conductors, follow opposite laws. 
To economize energy it is necessary to employ leads of 
low resistance, and, therefore, of considerable cross-sec- 
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tional area. To reduce the first cost we would, on the 
other hand, employ leads of small weight — ^that is, of 
small sectional area. We see that first cost and the 
subsequent working expenses are both governed by the 
area of conductor chosen, but whilst the former increases 
with the area, the latter decreases as the area increases, 
and it is evident that in each system of electric trans- 
mission of energy there must exist at least one particular 
area of conductor for which the sum of interest on its 
first cost, and annual cost of energy wasted, becomes a 
n fiiniTn^ iTTfi. It is also evident that, notwithstanding any 
other consideration, this particular, size of conductor must 
be adopted, being the cheapest in the long run. 

The determination of this most economical size of con- 
ductor is somewhat complicated, and must be made 
specially for each case, regard being had to the following : 

1. The rate of interest to be charged on capital outlay ; 

2. The cost of one horse-power-hour at the terminals of 
the generator ; 3. The number of hours per annum that 
the maximum energy is required, and the number of 
hours that three-fourths, one half, and one quarter this 
amount is required ; 4. The cost of unit weight of the 
conducting material ; 5. The cost of insulation ; 6. The 
cost of supports if an overhead line, or troughs if an 
underground line ; 7. The cost of labour in laying. If 
it were permissible to consider the capital outlay as pro- 
portional to the total weight of conducting material, 
then for a given line we have the relation p K =^ k a p, 
where ^is the total cost of the line, k a constant and jt? 
the annual rate of interest. The resistance of the line is 
inversely proportional to the area a, and the enei^y 
wasted equals resistance multiplied by the square of the 
current. Let q represent the cost of one electrical horse- 
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power-hour at the terminals of the dynamo^ and let t 
represent the number of hours per annum during which 
the current c is flowing — there being always the full 
amount of energy transmitted — ^then we have the annual 
value of energy wasted^ 

a ^ 
w being a constant. The total expenditure will be a 
.^dKp ,dW ^ 
da da 

This gives p K ^ — ^ — , and 



a 



a/ w a t 
a = c ^ — f— • 
p k 

By inserting this value into the equations for K and W 
we find 

pK=c^fji^qtkp and 
ff^= c s/ to qtkp 
Hence p K =^ Wy 

or the most economical area of conductor, will be that for 
which the annual interest on capital outlay equals the 
annual cost of energy wasted. This law is conunonly 
known as Sir WilUam Thomson's law, and was first 
published by him in a paper on '* The Economy of Metal 
Conductors of Electricity," read before the British As- 
sociation in 1881. It should be remembered that this 
law in the form here given only applies to cases where 
the capital outlay is strictly proportional to the weight 
of metal contained in the conductor. In practice this is, 
however, seldom correct. If we have an underground 
cable, the cost of digging the trench and filling in again 
will be the same whether the cross-sectional area of the 
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cable be half a square inch or one square Inch or more ; 
and other items^ such as insulating material^ are if not 
quite independent of the area^ at least dependent in a 
lesser degree than assumed in the formula. In an over- 
head line we may vary the thickness of the wire within 
fairly wide limits without having to alter the number of 
supports^ and thus there is here also a certain portion of 
the capital outlay which does not depend on the area of 
the conductor. It would, therefore, be more correct to 
write 

K =z Ko -{- ka, 

where Ko represents that part of the capital outlay which 

is constant and independent of the area of the conductor. 

This addition on the right-hand side of the formula 

makes no alteration in the differential equation, for 

dKo 

— = 0. 
a a 

We obtain, therefore, again. 



jj w a t 
p k 
but the value oip Kis altered. 

p K ^ p Ko -{- c *y w qtkp 
W =1 c ^ w q t k p. 
The interest on capital outlay, and the annual cost of 
energy wasted are now in the relation 
p K = p Ko -{- W. 

They are no longer equal, but the interest on capital out- 
lay must be greater than the annual cost of energy wasted. 
By writing the above equation in the form 

p{K—Ko) = W, 
we find that the most economical area of conductor is that 
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for which the annual cost of energy wasted is equal to the 
annual interest on that portion ^of the capital outlay which 
can be considered to be proportional to the weight of 
metal used. 

Professor George Forbes, in his Cantor Lecture, on 
" The Distribution of Electricity," delivered at the So- 
ciety of Arts, in 1885, called that portion of the capital 
outlay which is proportional to the weight of metal used, 
" The Cost of Laying One Additional Ton of Copper," 
and he showed that for a given rate of interest inclusive 
of depreciation, and a given cost of copper the most eco- 
nomical section of the conductor is independent of the 
electro-motive force and of the distance, and is propor- 
tional to the current. These facts can also be seen &om 
the above formula 



I w a t 
a — c ^ — ^- 



pk ' 

since the square root is a constant for each case, and since 
neither distance nor electro-motive force appear in the 
expression for a, which is simply proportional to c. 

Having in a given system of electric transmission settled 
what current is to be used, we can, by the aid of Sir 
William Thomson's law, proceed to determine the most 
economical size of conductor. To do this we must know 
the annual cost of an electrical horse-power inclusive of 
interest and depreciation on the building, prime mover, 
and dynamo, we must know what is the cost of laying one 
additional ton of copper, and we must settle in our mind 
what interest and depreciation shall be charged to the 
line. These points will serve to determine the constants 
of our formulas, and then the calculation can easily bo 
made. To avoid the labour of going through these 
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figures for every special case. Professor Forbes has pre- 
pared and published in his Cantor Lectures, some ex- 
tremely useful tables which are reproduced on pages 185 
and 186. Table A refers to the cross-sectional area 
of conductor required to carry a current of 1,000 amperes 
if the annual cost of one electrical horse-power varies 
from £5 to £20. Table B refers to the cost of laying 
one additional ton of copper, and interest and depreciation 
on it. The use of the tables will best be seen by an 
example. Say we have to transmit 50 amperes, the an- 
nual value of one horse-power is £10, and the cost of the 
line is £110 per ton of copper plus a constant. We shall 
also assume that it has been decided to charge 7^ 7o ^^^ 
interest and depreciation on the line. We look in Table 
B horizontally along the line opposite 7J- till we come 
to the vertical column headed £110. We find thus 
the figure '424. We now look in Table A horizontally 
along the line opposite £10 until we find again '424 or 
the nearest figures to it. In the present case *441 and 
•411. The heading of the vertical column coiresponding 
to this figure gives the area of conductor necessary for 
1,000 amperes. We find thus that the conductor should 
be between 2*8 and 2*9 square inches — say average 2*85. 
But since our current is 50 and not 1,000 amperes, the 

50 
area of conductor will have to be .. ^^ x 2*85 = '1325 

square inches. If we were to adopt a larger conductor 
the system would be less economical, because the capital 
outlay would become too great, and if we were to adopt 
a smaller conductor the system would be less economical 
because the waste of energy would be too great. 
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Table A. — Section per Thousand Amperes 
in Inches. 



- 


1 


11 


1-2 


1 1-3 


1-4 


1-5 


1-6 


I'l 


1-8 


1^9 


2 


1 


5 


1-628 


r356 


1-147 


•980 


•867 


•746 


-668 


•685 


•623 


•471 


•426 


6 


1*954 


1-627 


1-377 


1^176 


1-028 


•896 


-790 


•702 


•628 


•666 


•511 


2 


7 


2-279 


r898 


1-606 


1-372 


1-199 


1044 


-921 


•819 


-783 


•660 


•596 


8 


2-605 


2-169 


1-836 


1^668 


1-370 


1194 


1-068 


•936 


-888 


•764 


•682 


s 


9 


2-930 


2-441 


2-066 


1764 


1-542 


1-843 


1-186 


1058 


•942 


•848 


•767 


10 


3-256 


2-712 


2-295 


r960 


1-713 


1^492 


1-316 


1^170 


1-047 


•942 


•852 


11 




2-983 


2-624 


2-156 


1-886 


1^641 


1-448 


1287 


1-162 


1^037 


•987 


1 ' 


12 






2-764 


2-362 


2-066 


P790 


1-680 


1^404 


1-266 


1131 


1^022 


18 








2-548 


2-227 


1-940 


1-711 


1521 


1-361 


1^225 


1^108 


S 


14 










2-398 


2-089 


1-843 


1^638 


1-466 


1-319 


1-193 


*o 


15 












2-238 


1-975 


1-756 


1-670 


1^414 


1-278 


1 


16 














2-106 


1-872 


1-675 


1^508 


1-368 


17 
















1-990 


1-780 


1-602 


1-448 


o 


18 


















1-884 


1^696 


1-684 


1 


19 




















1-790 


1-619 


1 


20 






















1-704 


- 


- 


2-1 


22 


2-3 


2-4 


2-5 


2-6 2-7 ! 2-8 


2-9 


8-0 j 8-1 

1 


8-2 


I- 


( £ 
5 


-886 


-366 


•824 


-298 


-276 


-255 1 -237 


•221 


•206 


-192 -180 


•170 


1 


6 


•463 


•426 


•889 


-868 


-881 


-306 -284 


-265 


•247 


-230 -216 


•203 


. 7 


-540 


-498 


•464 


-417 


•386 


-866 1 -831 


-309 


-288 


•269 -252 


•287 


8 


-618 


'569 


•618 


•477 


•442 


-407 , -378 


•853 


-829 


•307 i ^288 


•271 


tS 


9 


•695 


•640 


•583 


•636 


•497 


-468 -426 


•897 


•870 


•346 1 824 


•805 


10 


-772 


•711 


•648 


-596 


•562 


•509 ' ^473 


-441 


•411 


,•384 , ^860 


•389 


8 


11 


•849 


-782 


•712 


-656 


•607 


•660 i -520 


•486 


•452 


•422 1 -396 


•878 


*C 


12 


-926 


•858 


•778 


-715 


•602 


-611 , -568 


•529 


•498 


•461 ; -432 


•407 


• * 


13 


1-004 


-924 


•842 


•775 


•718 


-662 1 -615 


-678 


•534 


-499 -468 


•440 


M 


14 


1^081 


-996 


•907 


•834 


•778 


•713 -662 


•617 


•576 


'588 I -604 


•475 


^ 


16 


M58 


1-066 


•972 


•894 


•828 


-764 -710 


•662 


•617 


-576 1 -540 


•609 




16 


1-235 


1-187 


1037 


«954 


•888 


•814 -757 


-706 


•658 


-614 t -576 


•542 


8 


17 


1-312 


r208 


1102 


1-013 


-988 


-866 -804 


-750 


•699 


•663 1 -612 


•576 


1 


18 


1-390 


1^279 


M66 


1^073 


-994 


-916 -851 


-794 


•740 


-691 -648 


•610 


19 


1-467 


1-351 


1-231 


1-132 


1-049 


•967 -899 i -838 


•781 


-730 -684 


•644 


o 

o 


20 


1-544 


1-418 


r296 


1-192 


1-104 


1-018 -946 ^882 


•882 


•768 ^720 


•678 


- 


3-3 


8-4 


36 


8-6 


8-7 


3^8 


3-9 


4, 


4-5 


5^0 


5^5 1 6-0 


i 


( * 
5 


-160 


•150 






















tc 


6 


-192 


•180 


•170 




















7 


•224 


•210 


•199 


-188 


















8 


•256 


•240 


•227 


-215 


-208 
















9 


•288 


•270 


•256 


-242 


-229 


•217 














10 


•320 


•300 


•284 


-289 


•264 


•241 


-229 












1 


11 


•862 


•830 


•312 


-296 


•279 


•266 


-262 


-240 










1 - 


12 


•384 


•360 


•341 


-823 


•306 


•289 


-276 


-262 


•206 








13 


•416 


•890 


•369 


-350 


•380 


-313 


-298 


•283 


•224 


•181 






s 


14 


•448 


•420 


•398 


-379 


•356 


-337 


-821 


-305 


•241 


•196 


•162 




*s 


15 


•480 


•460 


•426 


-404 


•381 


•362 


•344 


•327 


•268 


•209 


•174 


•147 


"S 


16 


•512 


•480 


•464 


-480 


•406 


-386 


•366 


-349 


-275 


•223 


•186 


-156 


1 


17 


•544 


-610 


•483 


-467 


•432 


-410 


•389 


-871 


-292 


•287 


•199 


•166 


18 


•576 


-540 


•511 


-484 


•467 


-484 


•412 


-892 


-310 


•251 


•209 


-176 





19 


•608 


-670 


•640 


-611 


•483 


-468 


•435 


-414 


•827 


•265 


•220 


•186 


a 
J.. 


20 


•640 


-600 


•568 


-688 


•608 


-482 


•458 


•436 


•844 


•279 


•282 


•196 
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Table B. — Cost of Laying one additional 
Ton of. Copper. 



_ 


£60 


£66 


£70 


£76 


£80 


£85 


£90 


£96 £100 


£110 


£120 


^.-dd '( ^ 


•164 


•167 


•180 


•193 


•206 


•219 


•231 


•244 1 -257 


-283 


•309 


pi" 


7* 


•231 


•261 


•270 


•289 


•309 


•328 


•347 


•366, ^386 


-424 


•463 


10 


•308 


•334 


•360 


-386 


•411 


-437 


•462 


•488 


•614 


-666 


•617 


12^ 


•386 


•418 


•450 


•482 


•615 


-646 


•678 


•610 


•643 


•707 


•772 


15 


•468 


•601 


•640 


•678 


•617 


•666 


•694 


•733 


•771 


-849 


-926 


ao 


•616 


•668 


•720 ^771 


•824 


•876 


•926 


•976 


1^029 


1131 


1-236 


^^— ^126| 


•771 


•835 -900 -964 


1^028 


1093 


M66 


1-221 


r286 


1-416 


1-643 


- 


£130 


£140 


£150 


£200 


£250 


£300 


£360 


£400 


£450 


£500 


.w-o- . i « 


•334 


•360 


•386 


•614 


•643 


•772 


-900 


1^029 


1167 


1-286 


Hili 


7* 


•501 


•540 


•579 


•771 


•964 


1167 


1-350 


r543 


1-736 


1-929 


10 


•668 


•720 


•770 


1029 


1-286 


1^543 


1-800 


2057 


2-315 


2-571 


Percen 
allowe 
interes 
deprecii 
per am 


12* 


•836 


•900 


•964 


1-285 


vmi 


1^929 


2-250 


2572 


2-893 


3-205 


16 


1-003 


1^080 


1155 


1-543 


r928 


2^314 


2-700 


8^086 


3-471 


3-857 


ao 


1-336 


1-440 


1^540 


2-066 


2^671 


3^089 


3-600 


4^116 


4-629 


6-144 


[26 


1-671 


r800 


1-926 


2-572 


3126 


3^857 


4-500 


5143 


5-786 


6-430 



We have calculated the area of our conductor under 
the supposition that the maximum current of 50 amperes 
would be flowing during all the hours per annum that the 
installation is at work. In other words, we have assumed 
that the motor when at work should always give full 
power. This will, in practice, seldom be the case. 
Whether we want the motor for propelling railway cars, 
or producing the electric light, or working lathes and 
other tools generally, or giving power for a whole mill, 
the amount of energy required at various times will be 
diflerent. It has been shown that energy can be trans- 
mitted in either of three ways. First, by keeping the 
current constant and varying the electro-motive force of 
the generator in accordance with the demand for power 
at the receiving station. Secondly, by keeping the 
electro-motive force constant, and varying the current in 
accordance with the demand for power. Thirdly, by 
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varying both current and electro-motive force. In the 
first case, where the current is constant, the above for- 
mula for the most economical area of conductor is at once 
appUcable whatever may be the difference in the energy 
transmitted at various times of the day or year. In the 
two other cases, however, a correction must be applied to 
the formula in order that account may be taken of those 
hours when a reduced current is passing, and when the 
most economical area of conductor would be smaller than 
that corresponding to the full current and maximum 
energy transmitted. This . correction must evidently be 
appUed in this form : — We make our calculation not for 
the full current but for the reduced current, the reduction 
being the greater the greater is the number of hours 
during which a reduced current is passing as compared 
to the number of hours during which the full current is 
passing. At first sight it might seem as if this reduced 
or mean current could be determined by simply dividing 
the total number of ampere hours per annum by the 
number of hours per annum. This would, however, not 
be correct, for the reason that the energy wasted varies not 
with the current itself, but with the square of the current. 
Let ^1, t^y t^ ^4, represent the number of hours per annum 
during which one quarter, one half, three quarters of the 
full current, and the full current is respectively passing 
through the conductor ; then the total horse-power hours 
wasted per annum is evidently 

To find that mean current, c^ which flowing during 
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hours per annum will cause an equal waste of energy, we 
put 

a 
and obtain 



'-^ ' J {\)^ *^^ C^)^ '^^ 0^ '^^ '^' 

.This value of the mean current, c^, must be used in the 
deteimination of the size of conductor in order that the 
annual cost of energy wasted and the interest and depre- 
ciation on that part of the capital outlay which is propor- 
tional to the weight of conductor used should be equal. 

To facilitate the calculation Professor Forbes gives 
the following table : — 



tl. 


t,. 


t^ 


f«. 


Ratio. 













1-000 





1 







0-790 


1 




1 


2 




0-744 


1 


1 1 





0-685 


2 


2 


1 

1 


0-604 


4 





1 


0-500 



The figures in the column headed *' Ratio " are those 
with which the most economical area for the maximum 
current must be multiplied to obtain the most economical 
area for a varying current. In our previous example we 
found that the conductor should be '1325 square inches, 
provided that the full current of 60 amperes be always 
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flowing. Say that our transmission will be at work 4,000 
hours per annum, but that the full current will only flow 
for 1,000 hours, the remaining 3,000 hours being equally 
divided between quarter current, half current, and three- 
quarter current. In this case ti = 1, ^^ = 1, ^3 = 1 and 
^4=1; and we see from the fourth line in the table that 
the area of our conductor must be reduced to '685 of the 
area for full current. We should, therefore, have to 
employ a conductor of *0907 square inches area, or say a 
wire *34 inches in diameter. 

The heat generated in the conductor by the passage of 
the current must be carried away in the same measure as 
it is generated, if the temperature of the conductor is to 
remain at a safe limit. An undue increase of temperature 
is objectionable for three reasons. In the first place it 
spoils the insulation, reducing the insulating power of the 
material and rendering it so soft as to allow the conductor 
to sink through it. This is a very important point, and 
should be guarded against with great care. It has been 
proposed to lay underground cables in iron troughs, com- 
pletely filled with a bituminous compound, in which the 
cables are to be imbedded. This arrangement would 
serve excellently well for keeping the cables dry, but it 
has the great drawback that any compound of that nature 
does not behave as a rigid body, but rather as a very thick 
fluid. It is well known that a stick of sealing wax fas- 
tened by strings to a card which is suspended vertically, 
will in course of time bend as if it were a flexible ribbon, 
and the strings wiU cut through it. This process goes on 
even in a cold room, but is accelerated by heat. Now in 
our underground conductor some amoimt of heat is always 
developed, and if we trust the bituminous compound to 
support the cables we shall find them, after a certain time. 
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at the bottom of the trough, and short circuits will be- 
come very probable. The second reason why an increase 
of temperature is objectionable is, that the resistance of 
the cable becomes greater, causing an additional waste of 
energy. The third reason is that an undue increase of 
temperature may in an overhead line actually cause a fire 
risk at the points where the cables are attached to build- 
ings, and may in an underground line become very un- 
pleasant to foot passengers. 

It becomes thus a matter of great importance to deter- 
mine beforehand what rise in temperature is to be ex- 
pected in each given case, and if that rise should be found 
to be greater than appears safe, provision must be made 
to increase the rate at which heat is carried ofil This 
can generally be done by increasing the superficial area 
of the conductor. Say we have one circular conductor of 
1 square inch area, and find that with 1,000 amperes 
flowing it would become too hot. Now by splitting up 
this conductor into 10 separate wires each one-tenth of a 
square inch cross-sectional area we have not altered the 
total amount of energy transformed into heat, but we 
have increased the surface exposed to the cooling action 
of the surrounding air in the ratio of 1 : V^IO, and there- 
fere the ten thin wires can dissipate more than three times 
the heat, as compared with the single thick wire. Pro- 
fessor Forbes gives a table — reproduced on page 191 — 
from which it can be seen at a glance what current a wire 
can carry when the rise in temperature is 9® and 26® 
above that of the surrounding air. 
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Carrying capacity and heating of Wires. 
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4-0 
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•000634 


•000627 


IbU- 


•998 


2490^ 


1-730 




211 


3-5 


4032^ 


•000724 


•000716 


1884- 


1042 


2246^ 


1-783 




1-95 


3^0 


8456- 


•000846 


•000835 


1228^ 


1-079 


1995- 


1-847 




1-78 


2-5 


2880^ 


•00101 


-000999 


1072- 


1126 


1739^ 


1-931 




1-60 


20 


2804- 


•00127 


•00126 


913- 


1-205 


1482- 


2-069 




138 


1^5 


1728^ 


•00163 


•00161 


732- 


1-288 


1188- 


2-187 




1-13 


10000 


1152^ 


•00263 


•00260 


6421 


1-426 


880^0 


2-446 




1-00 


•7864 


904-78 


•00326 


•00324 


461-6 


r613 


732-7 


2-686 




•75 


•44178 


608*93 


•00584 


-00578 


293-0 


1-746 


475^6 


2-991 




•707 


•39250 


462*16 


•00663 


•00661 


2680 


1-800 


4862 


8-081 




•500 


•19635 


226-18 


•01807 


•01292 


169-4 


2139 


268^6 


3-659 


0000 


*454 


•1618 


186^39 


•01567 


•01550 


138-1 


2-248 


2241 


3-854 


000 


•425 


•1419 


163^47 


•01786 


•01766 


1251 


2-323 


2030 


3-977 


00 


•380 


•1134 


130-64 


•02236 


-02211 


105-7 


2-456 


171-4 


4-201 




•354 


•09842 


11387 


•02606 


•02576 


951 


2546 


154-3 


4-357 





•340 


•09079 


104-60 


•02824 


•02793 


89-4 


2-594 


1461 


4-442 


1 


•300 


•07068 


81-42 


-03637 


•03597 


74-0 


2-766 


1201 


4-722 


2 


•284 


•06384 


78^00 


•04048 


-04003 


68-63 


2-850 


114-4 


4-880 


8 


•259 


•05268 


68^68 


•04867 


•04823 


59-60 


2-981 


96-7 


6102 


4 


•238 


•04448 


51-61 


•05764 


•05700 


62-37 


3-102 


85-0 


6-315 


5 


•220 


•03801 


43-78 


•06740 


•06665 


46-6 


3-213 


75-6 


5-521 


6 


•203 


•08236 


87-27 


•07937 


-07849 


4127 


3-360 


66-97 


6-762 


7 


•180 


•02544 


29-3 


•1006 


•08943 


84^31 


3-553 


65-69 


6-084 


8 


•166 


•02188 


2462 


•1199 


•11857 


30^26 


3-728 


49-09 


6-384 


9 


•148 


•01720 


19^81 


•1492 


•14643 


25-28 


3-878 


4^03 


6-630 


10 


•184 


•014102 


1626 


•1812 


•17919 


22-12 


4-133 


85-90 


7-076 


11 


•120 


•011309 


IS^OO 


•2267 


•22418 


18-74 


4-366 


30-41 


7-473 


12 


•109 


•009331 


10^74 


•2748 


•27175 


16-25 


4-589 


26-38 


7-857 


18 


•095 


•007088 


8^16 


•8617 


-35769 


13-09 


4-866 


21-26 


8-832 


14 


•083 


•006410 


fr23 


•4789 


•47064 


10^84 


5-280 


17-58 


9031 


16 


•072 


•004071 


4^68 


•6298 


-62281 


8723 


4-646 


14-14 


9-652 


16 


•065 


•003318 


3-82 


-7727 


•76412 


7-481 


6-931 


1214 


10169 


17 


•058 


•002642 


304 


-9711 


-96032 


6-371 


6-354 


10^24 


10-771 


18 


•049 


•001886 


2-07 


1-3698 


1-3447 


4^876 


6-818 


7-95 


11-691 


19 


•042 


•0013854 


1-eo 


18602 


1.8297 


3-883 


7-386 


6-81 


12-658 


20 


•035 


•0009621 


1-108 


2-6650 


2'63o4 


2-963 


8^087 


4-80 


13-866 



Legal volts 96 per cent, conductivity copper. Heating of bare copper wire, 
emissivitj ^ -OOOaS C.G.S. units. 
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CHAPTER VIII. 

Circuits for Electric Transmission — Circuits for Electric Distributiou — 
Relatire Importance of Insulation — Aerial Lines — ^Insulators — Attach- 
ment of Conductor to Insulator— Joints — Couplings — Material for Atrial 
Lines — ^Estimate for Aerial Line — Protection from Lightning — Under- 
ground Lines— Edison Mains — The Three- Wire System — Various Sys- 
tems of Underground Conduits — Lead-Covered Cables. 

The question whether the line should be carried over- 
head or be placed underground^ depends on a number of 
local circumstances, but as a rule it will be more economi- 
cal and sufficiently safe to use aerial conductors for the 
transmission proper of energy, whereas for its distribution 
underground cables are preferable, and in some cases in- 
dispensable. The time is fast approaching, and in 
America may be said to have already arrived, when no 
further addition to the vast network of overhead tele- 
graph and telephone wires in our towns will be permitted, 
and it is quite certain that no exception in favour of wires 
containing, so to speak, a large store of potential energy, 
will be made. Electric Light and Power Companies 
have realized this state of affairs from the beginning, and 
where they have come forward with definite proposals for 
a general supply, they have always arranged for their 
distributing plant to be placed underground. The case 
is different when electric transmission over a long dis- 
tance, and possibly across country, is involved. Here the 
danger from breakage of an overhead wire can be almost 
entirely avoided by placing the supports at frequent in- 
tervals — a precaution not always possible in towns where 
the width of streets and places often necessitates an ex- 
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cessively long span from one support to the other — and 
if a wire should breaks the chances of anybody being hurt 
are infinitely smaller than in the crowded streets of a 
town. We have already seen that power can only be 
economically transmitted over a long distance by the 
employment of a high electro-motive force, and hence the 
proper insulation of the line becomes a matter of the 
utmost importance. If, in a town district supplied with 
current at, say, 100 volts, a small leak of a few amperes 
should take place — and Mr. Edison's experience in the 
New York Central Station seems to show that such leaks 
do occasionally occur — the loss of energy, as compared to 
the thousands of amperes sent out from the station, is 
very trifling, but if an equal leak should be developed 
in a circuit of two or three thousand volts, it might 
very easily absorb all the current which the generating 
dynamo can pour into the cables, and no energy at all 
could be obtained from the motor. In an overhead line 
faults of insulation are not so easily developed, and if 
they occur, are more easily discovered and repaired than 
in any of the underground systems, which as yet have 
hardly had any prolonged trial to show their practical 
value ; and for this reason it will be safe to assume that 
aerial conductors will be almost generally used for the 
transmission of electric energy at high potential over long 
distances, and that underground conductors will generally 
be used for the distribution of electric energy at low 
potentials. 

Aerial Lines, 

The conductor is generally a naked wire or cable of 
copper, iron, phosphor bronze, or silicon bronze, but 
slightly insulated conductors are sometimes used. The 
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insulation gives some protection against short circuits, 
which might otherwise be caused by other wires, branches 
of trees, or other bodies falling across the leads, and it 
has also the advantage of increasing the cooling surface 

Fig. 68. 




of the conductor, thus reducing the temperature. At 
first sight it might seem surprising that a wire coated 
with insulating material, which is necessarily also a bad 
conductor of heat, should become less heated than a naked 
wire. But such is the fact ascertained by experiments, 
and explained on the ground that quiescent air is the 



Digiti; 



zed by Google 



INSULATORS. 



195 



very worst possible conductor of heat, whereas the ma- 
terial of the insulation, although relatively to metal a 
bad conductor, is a good one relatively to air. If the 
wire be exposed to wind, then air, although a bad con- 
ductor, carries heat off very fast, because each molecule 
of air as it becomes heated by contact with the wire is 
carried away and replaced by a new and cool molecule. 

Fig. 69. 




and in this case the insulated wire has no advantage over 
the naked wire. 

The conductor is supported on porcelain insulators in 
the manner of telegraph lines, but to obtain a high de- 
gree of insulation they should be of the double-bell type, 
as shown in Fig. 68. The material should, when fractured, 
show a uniformly fine and dense grain free from pores 
and holes ; it must be perfectly white, and contain no 
cracks or other flaws. The glaze must be perfectly 
white, and cover the whole external and internal surface 
with exception of the bottom rim of the outer bell. 
The thread must be even and well defined, without 
having broken parts. The stem. Fig. 69, is cylindrical 
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and roughened up. It is taped with yam^ served with 
linseed oil, and then screwed into the thread. To test 
the insulator electrically it is placed upside down^ the 
inner space is filled with acidulated water^ and it is then 

Fig. 70. 





immersed to near the rim in a bath of acidulated water. 
K the insulation is perfect, it must be impossible to pass 
a current from the liquid on the inside through the insu- 
lator to the liquid on the outside. 

l^he wire may be attached to the insulator either on 
the groove at the top or at the side, the latter if there 

Fig. 71. 






should be a bend in the line occasioning a considerable 
lateral strain. The method of attachment in both cases 
will be seen from Figs. 70 and 71, where the views a, J, c, 
d and a, i, c represent respectively the different stages of 
the process. 

Since wire and cables can only be obtained and carried 



Digitized 



by Google 



JOINTS. 197 

to the place of erection in limited lengths, it is frequently 
neclBSsary to make joints. A joint should not only be as 
strong as the wire or cable itself, but it must have an 
absolutely perfect contact, as otherwise the passage of 
the current would heat and ultimately destroy it. It is 

Kg. 72. 

-'m m^^^^^mm=^ 



also desirable to avoid the use of other metals than that 
of the conductor, so as to prevent electrolytic action. 
The use of solder is, of course, a necessity, and must be 
exempt from this rule ; but it is not advisable to use 

Fig. 73. 

1^1 



^ 



iron couplings for a line of copper, or any other combina- 
tion of two different metals. With thin wires a strong 
joint is made, as shown in Fig. 72, which explains itself. 
To improve the contact, the middle portion is soldered 



^=^mmmmdmmmmm 



over. Fig. 73 shows another form of joint suitable for 
thin wires, which can easily be bent. ^^ ^ is one wire, 
Bi B the other ; the ends A and B^ are left long enough 
to allow of being lapped round the middle portion of the 
joint until they meet, and are then twisted together, as 
shown in Fig. 74. 

If the wire is too thick to allow of its being easily 
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twisted into a knot, the joint shown in Fig. 16 is some- 
times used. The two ends of the wire are bent short at 
right angles, and placed side by side, so that the ends 
point outwards. In this position they are held by a 
clamp whilst being served with a layer of binding wire 

Eig. 75. 

of the same material as the conductor. When the space 
between the two ends is completely filled by the binding 
wire it is soldered over. 

Cables may be joined either by careful splicing or by 
couplings. A very neat coupling has lately been intro- 

Fig. 76. 




duced by Mr. Lazare Weiller ; it consists of a double hollow 
cone (Fig. 76) with an opening in the middle. The end of 
the cable is inserted at one end, brought out at the cen- 
tral opening, then doubled over and pushed back again 
through the opening. A pull is applied to the cable as 

Fig. 77. 



if to draw it out of the coupling, and this has the effect 
of jamming the end of the cable tightly in the cone. The 
end of the second cable is treated in the same manner, 
and to secure perfect contact, and prevent any slipping 
back, melted solder is poured into the central opening. 
Fig. 77 shows the coupling in section and the cables in 
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place. As a suitable composition for the solder^ Lazare 
Weiller recommends two parts of block tin to one part of 
lead. The wire cable and the coupling are both made 
of silicon bronze, and thus electrolytic action is avoided. 



Material for Aerial Lines. 

There are two requirements with regard to the material 
suitable for aerial lines which are to a certain extent 
contradictory. The specific resistance of the material 
should be very low, and its tensile strength very high. 
Now copper has of all metals which can practically be 
used the lowest resistance, but its breaking strain is com- 
paratively low, and, therefore, the supports must be 
placed at frequent intervals and a considerable sag must 
be allowed in order to prevent the wire from being 
overstrained. The first circumstance increases the cost 
of installation, and the latter is objectionable because the 
probability of the wire coming accidentally into contact 
with neighbouring objects when swayed by the wind is 
increased. Iron, and especially steel, offers in this respect 
an advantage, but it has the drawback of being but a 
poor conductor of electricity. The conductivity of 
wrought iron is only about 17 per cent, of that of 
pure copper, and the conductivity of cast steel is only 10 
per cent, of that of pure copper. If cast 'steel wire be 
used for the line, the total weight which must be sup- 
ported by the insulators will, therefore, be between nine 
and ten times as great as that of copper wire of equal 
conductivity, and although the supports may be farther 
apart, each individual support must be much stronger than 
would suffice for copper wire. Thus there is no saving 
to be obtained by the use of the stronger material. As a 
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wtLj out of this diflSculty it has been proposed to use 
steel wire coated with electrolytically deposited copper. 
It was thus hoped to obtain a conductor which would 
combine the tensile strength of steel with the high con- 
ductivity of pure copper. This expectation was, how- 
ever, not realized, and the compound wire has never 
come largely into use. The reason is not far to seek. 
Roughly speaking, the best steel has about three times the 
tensile strength of copper, and pure copper has about nine 
times the conductivity of steel. Imagine now a wire 
composed of equal parts of copper and steel, its tensile 
strength, even assuming that the electrolytically deposited 
copper takes its fair share of the strain, will be one-half 
plus one-sixth, that is 66 per cent, of that of a steel 
wire of equal diameter, the weight being about 5 per 
cent, greater on account of the greater specific weight of 
copper. The conductivity of the wire will be twice that 
of a steel wire of equal diameter, or 66 per cent, that 
of a copper wire of equal diameter. We have, therefore, 
the following relation : — 

Pure copper wire, breaking strain 35,900 lbs. per 

square inch, conductivity 100 

Steel wire, breaking strain 119,000 lbs. per square 

inch, conductivity 10 

Compound wire, breaking strain 78,000 lbs. per 

square inch, conductivity 66 

If we express the merit of a wire by the product of its 
breaking strain and conductivity, we find that the com- 
pound wire is only 30 per cent, better than the copper 
wire, and in practice this apparent gain will be, to a 
great extent, counterbalanced by the increased cost of 
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manufacture. Since the invention of the compound wire 
great strides have been made in the production of certain 
alloys which combine great tensile strength with a fairly 
good conductivity. The first in the series was phosphor 
bronze, having a breaking strain of 102,000 lbs. per square 
inch, and a conductivity of 26 per cent. Lately, Mr. 
Lazare Weiller introduced his silicon bronze, the con- 
ductivity of which is 97 per cent, of that of pure copper, 
and the breaking strain of which is half that of the best 
steel. For purposes of transmission of energy and for 
electric lighting he also makes silicon copper wires, for 
which he claims a conductivity lying between that of 
pure copper and that of silver ; tlie breaking strain, how- 
ever, is not given.^ The following Table, taken from Herr 
Grief's book, but reduced to English measure, gives 
weight and resistance of this wire : — 

^ J. B. Grief, *< Silicimn-Bronze-Leitungen." Wien, Seidel and Sohn. 
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Silicon Copper Wire, 



Diameter 


Diameter 


Weieht per 


E^istance 


in 


in 


per Mile. 


Millimeter. 


English Mils. 


lbs.' 


ohms. 


0-30 


1-2 


2-2 


365-00 


0-40 


1-6 


3-9 


205-00 


0-50 


2-0 


6-2 


131-00 


0-60 


2-4 


9-0 


91-20 


0-70 


2-8 


12-2 


67-00 


0-80 


3-1 


15-8 


51-20 


0-90 


3-5 


20-0 


40-50 


1-00 


3-9 


24-7 


32.80 


1-20 


4-7 


35-6 


22-70 


1-25 


4-9 


38-6 


21-00 


1-50 


5-9 


55-6 


14-60 


1-75 


6-9 


76-0 


10-72 


2-00 


7-9 


99-0 


8-20 


2-25 


8-9 


1250 


6-50 


2-50 


9-9 


155-0 


5-25 


2-75 


10.8 


187-0 


4-34 


3-00 


11-8 


223-0 


3-65 


3-25 


12-8 


260-0 


3-12 


3-50 


13-8 


303-0 


2-68 


3-75 


14-8 


347-0 


2-35 


4-00 


15-8 


3960 


2-04 


4-25 


16-8 


446-0 


1-82 


4-50 


17-8 


500-0 


1-62 


4-75 


18-8 


556-0 


1-45 


5-00 


19-7 


620-0 


1-31 



The following Table gives the relation between break- 
ing strains in lbs. per square inch and conductivity for 
different materials : — 
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Material of Condnctor. 


Breaking 
strain. 


Condnc- 
tivity. 


Pure Copper .... 
Phosphor Bronze . 
Silicon Bronze, Mai*k A 
„ „ Mark B 
Swedish Hammered Iron 
Swedish Bessemer Steel 
Siemens-Martin Steel . 
Cast Steel .... 


39,500 
101,000 
63,200 
79,500 
50,700 
56,200 
59,000 
133,000 


100 
26 
97 
80 
16-5 
160 
13-3 
10-5 



The choice of material for an overhead line must 
depend on many local circumstances. As a general rule 
copper is preferable to iron or steely and phosphor bronze, 
or silicon bronze, is preferable to pure copper. To show 
the saving in capital outlay which can be effected by the 
use of the latter material in comparison to iron, Herr 
Grief, in the book above mentioned, gives comparative 
estimates for a telegraph line of 1,000 kilometers (625 
miles) in length. Although the line is longer than any 
which will probably ever be used for electric transmission 
of energy, and the wire is smaller than would generally 
be required for this purpose, these estimates have stiH 
some practical value as affording a ready means of com- 
paring the two materials, and for this reason they are here 
added. The reader can see from these Tables how esti- 
mates for overhead lines are made up and what propor- 
tion the different items bear to the total cost. It will be 
noticed that the cost of the wire itself is not so great an 
item in the total cost as to greatly influence it. Although 
the silicon bronze wire costs nearly twice as much as an 
equivalent iron wire, there is yet a saving in the total 
capital outlay effected by its use. There are lighter 
supports and a lesser number of them required ; the cost 
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of carriage and labour is reduced, and the subsequent 
cost of maintenance is also less. 

Estimate I. — Galvanized Iron Wire, 5 millimeter 
diameter. 

Shillings. 

Wire 156,000 kilos., at 304/ per 1,000 kilos. . 47,424 

Carriage for wire, 16/ per ton .... 2,496 

Insulators, 15,000, at 160/ per 100 . . . 24,000 
Fixing insulators and attaching wire, at 8/ per 

kilometer 8,000 

Poles, 25 per kilometer (5 single and 10 double), 

at 9-60/ each 240,000 

Carriage for poles, 80/ per 100 . . . 20,000 

Erecting poles, 160/ per 100' .... 40,000 

Joining double poles, 1*60/ per pair . . 16,000 



Total 397,920 

Estimate II. — Silicon Bronze Wire, 2 millimeters in 
diameter. 

Shillings. 

Wire 28,000 kilos., at 3,200/ per 1,000 kilos. . 89,600 

Carriage for wire, 16/ per ton .... 448 

Insulators, 12,000, at 80/ per 100 .. . 9,600 
Fixing insulators and attaching wire at 3*2/ per 

kilometer ' 3,200 

Poles, 16 per kilometer (8 single and 4 double), 

at 8/ each 128,000 

Carriage for poles, 80/ per 100 ... 12,800 

Erecting poles, 160/ per 100 . . . . 25,600 

Joining double poles, 1*60/ per pair . . 6,400 
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It will be seen that the total saving in favour of the 
more expensive silicon bronze wire is very considerable. 
It should also be remembered that this wire is hardly at 
all affected by the atmosphere, and that it retains nearly 
its full market value after the equivalent iron wire has 
been rendered valueless by rust. 

Protection from Lightning. 
Overhead lines, whether used for electric lighting or 

Fig. 78. 




transmission of energy, are exposed to the effects of light- 
ning, which may not only destroy the line, but also the 
dynamos or motors at either end. To protect the plant, 
various methods are in use, all of which are more or less 
modifications of the lightning protectors used in tele- 
graphy, and which are based on the principle that a 
lightning discharge can leap a small break in a circuit to 
earth, which to the working current is impassable. Fig. 78 
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shows a lightning protector for the line. The vertical 
point acts as an ordinary lightning protector, so as to 
minimize the risk of the line being struck. Should this 
nevertheless happen at some place between two protectors, 
then the current will travel along the wire, and leap 
across to the horizontal point, and thus be conducted to 




earth before it can reach the machinery at either end of 
the Une. Another arrangement intended for the same 
purpose is that invented by Professor Thomson in con- 
nection with his system of arc lighting over long dis- 
tances. It is, of course, equally applicable to long lines 
used for the transmission of energy. This protector. 
Fig. 79, permits a discharge to earth from both the posi- 
tive and negative line, and it moreover automatically 
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ruptures any short circuit of the lines which may be thus 
started by the lightning current. It must be remembered 
that the electro-motive force employed in the Thomson- 
Houston system is very high (up to 2,000 volts), and 
that if an arc is formed between the metal parts of the 
protector, this electro-motive force would be high enough 
to sustain it after the lightning stroke has passed, and 
thus not only damage the protector, but possibly also 
bum up the dynamo. To prevent this a device is em- 
ployed which automatically ruptures the arc. In Fig. 79 ^ 
G is the dynamo working the line, C ; L and i^, are 
plates of metal in connection with the line, and e and e^ 
are similar plates in connection with earth at Ey JE^. 
There is a small interval between e and L, and between 
e^ and L , which, when a lightning discharge falls on the 
line, is easily leaped by it. The stroke is thus carried to 
earth. To rupture the arc formed, a magnet, M, Fig. 80, 
is employed. The plates L and JS approach closely only 
at their lowest parts, and above are spread out as shown. 
The effect of the magnet, whose poles are flattened out 
as shown, is to repel upward the arc that may be formed 
between the plates L and JE. The arc at once rises to 
the wider space and is thus broken. 

Underground Lines. 

A large number of systems of underground cables 
have been either proposed or tried, but as yet it cannot 
be said that anything like finality has been reached. The 
mains have been, and are still the most seribus difficulty 
of electrical distribution. Edison was one of the first to 

1 The Author is indebted to the Editor of '* The Electrical Review" for 
the use of this illustration and of Fig. 80. 
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grapple with the problem^ and may be said to have found 
a solution which^ if not perfect^ at least has the merit of 
working. He originated the system of placing two half- 
round conductors into an iron pipe^ the space between 
the conductors, and between them and the pipe being 

Fig. 80. 




filled by a bituminous compound, which was poured in 
when liquefied by heat. The main was made in 20- 
feet lengths, the copper strips protruding at each end for 
convenience of jointing. The joints were made by solder- 
ing, which proved a very troublesome operation, because 
the thick copper strips carried the heat away almost as 
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fast as it was applied to the joint. To minimize this 
trouble it would have been advantageous to employ 
longer tubes^ but that was found impossible, as the streets 
of New York, like those of any large town, are so cut up 
l>y gas, water,^ and drain-pipes, that no straight line of any 
length can be obtained. A short coupling-tube was 
placed over each joint connecting the iron pipes. Very 
soon after the installation was started troubles arose. 
The unequal nature of the ground, and the strains arising 
from the heavy traffic on the streets caused the pipes to 
be bent or broken, the conductors were thereby strained 
and worked through the bituminous compound until they 
came in contact and formed a short circuit, and the pipes 
were often accidentally damaged by the tools of workmen 
engaged upon some gas, water, or sewer work. The light 
wrought-iron piping at first employed was by degrees 
exchanged for strong steam-piping which could not 
easily be broken through by a pickaxe, and greater flexi- 
bility was given to the whole system by replacing the 
rigid couplings by ball-and-socket joints which permitted 
the mains to follow more or less any subsidence in the 
ground which might take place. The copper strips before 
being inserted in the pipe, were each taped singly, then 
served spirally with cord, laid together with their flat sides, 
and again wound spirally with cord. This prevented 
their coming in contact with each other, or with the sides 
of the pipe, even if the insulating compound should give 
way. Where a bend in the main is necessary, cast-iron 
elbows, as shown in Fig. 81, are introduced. 

It is impossible to speak of underground conductors 
without making a digression to explain the so-called 
" three-wire system." It has already been pointed out 
that electric distribution, to be perfect, must insure the 
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independence of one motor from the other, and this can 
best be done by keeping the pressure in the mains con- 
stant, however the demand for current may shift and vary 
in different parts of the system, and at different times. 
Now, if we have a single pair of cables, one of them con- 
nected to the positive and the other to the negative 
terminal of the generator, it will be clear that on account 
of the resistance of these cables the current can only 
arrive at the motor after having undergone some loss of 
pressure, and this loss will be the greater the greater the 
current, or in other words, the more motors are at work 
on the same main at the same time. As far as motors 

Fig. 81. 




only are concerned the slight difference in electro-motive 
force thus occasioned would not be of any serious conse- 
quence, but as electric lamps must usually be fed from 
the same mains, it becomes very important to keep the 
pressure as nearly constant as possible. This can be 
attained by using a conductor of large size in comparison 
with the maximum current it has to carry. But we have 
already seen that the area of the conductor is determined 
by economical considerations, and any undue increase of 
the weight of copper laid down in the mains would render 
their cost prohibitive. The absolute variation in the 
pressure, both as regards distance from the generator and 
time, is thus a fixed quantity, and all we can do is to 
lessen the relative importance of this variation by working 
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at as high a pressure as possible. A variation of five 
volts up and down of a standard pressure of, say, fifty volts, 
is a very serious matter, involving a difference of 20 per 
cent, between the highest and lowest pressure ; but if we 
can increase the standard to 200 volts the difference will 
be decreased to but 5 per cent., an amount which in 
practice will be found tolerable. Now, glow lamps as 
usually made require about 100 volts^ and if our electric 
mains are to serve both for hght and power purposes we 
must keep a pressure of 100 volts between them. If 
reliable lamps of 200 volts could be obtained we would be 
able to reduce the weight of mains to one-fourth of what 
is necessary at 100 volts, but since such lamps are as yet 
not to be had, we must look for some expedient which 
will allow us to use 100 volt lamps and at the same time 
work our supply at 200 volts. This is done by the three- 
wire system patented by Dr. J. Hopkinson in 1882. In 
this system two dynamos are used coupled in the following 
way. The negative terminal of the first dynamo to the 
negative main ; Hhe positive terminal of the first dynamo 
to the negative terminal of the second dynamo and to a 
main called the balancing wire ; the positive terminal of 
the second dynamo to the positive main. The lamps and 
motors are attached in as nearly as possible equal propor- 
tion across the negative main and the balancing wire, and 
across the balancing wire and the positive main. If all 
are at work no current will pass along the balancing wire 
to the dynamos, but if some of the motors or lamps on 
either one or the other side of the balancing wire be 
switched off*, then a differential current will pass along 
that wire to or from the dynamo whose circuit happens 
for the time being to do the greater part of the work. 
Since it is extremely unlikely that all the lamps or motors 
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to one side of the balancing wire will be switched off at 
the same time^ this wire can be considerably smaller than 
any of the mains ; probably half the area will, in practice^ 
be found sufficient. In this case the amount of copper 
required for the three-wire system working at 200 volts, as 
compared with the two- wire system working at 100 volts, is 
as follows : Each main carrying only half the current need 
only be half the weight. The balancing wire, carrying 
at most one-quarter the current, need only be one-quarter 
the weight. Therefore the total weight of copper will be 
^+4.+^. in the three-wire system, and 1 + 1 in the two- 
wire system, or the former saves 37 per cent, as compared 
to the latter. Mr. Edison has proposed to still further 
reduce the size of the balancing wire by providing each 
consiuner with a switch which can be set to either one or 
the other main, the theory being that consumers will 
naturally set their switches so as to get the higher pres- 
sure, if there should be a difference due to unequal distri- 
bution, and thus mutually assist each other in getting the 
standard pressure, and relieve the balancing wire from, 
having to carry any considerable current to or from the 
dynamos. As a further improvement. Professor Forbes 
has constructed an electro-magnetic apparatus which will 
automatically set the switch to one or the other main as 
soon as a certain difference in pressure should be exceeded. 
The three conductors — viz., the two mains and the 
balancing wire — are laid in one wrought-iron tube. 
Each conductor is wrapped with a layer of insulating 
tape and then wound spirally with a rope impregnated 
with some insulating compound liquefied by heat. 
The pitch of the spiral is large as compared with 
the diameter of the rope, so that the windings of the 
several conductors fit between each other when the con- 
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ductors are placed together. The three conductors are 
also bound together by a final spiral windmg of rope 
around them all and then inserted into the tube. Molten 
insulating compound is poured into the tube at high 
temperature^ ready access being afforded the liquid 
throughout the length of the tube along the spiral paths 
formed by the rope winding. 

The joints between successive lengths of these " electric 
tubes " are made by means of special coupling-boxes with 
ball-and-socket connection shown in Fig. 82. Instead of 
soldering the ends of the conductors immediately together, 
short flexible couplings are employed, consisting of 

Fig. 82. 




a piece of cable having cast or brazed on its end suit- 
ably shaped composition sockets, in which are drilled 
holes to fit the size of copper conductor, and to which 
they are soldered in laying the line. Three such cables 
are required for an ordinary joint. A modified coupling 
box is used for the connection of branch circuits to the 
main circuits. The construction of this will be clear from 
the illustration, Fig. 83, and after what has been said 
about the ordinary couphng box need not further be 
explained. 

Another kind of junction, being essential to the system, 
must be here mentioned. It is the so-called "junction 
safety catch box," designed for connecting so-called 
** feeders " with certain points in the network of mains. 
By employing feeders the same result is obtained as if 
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the generator, which may be quite outside the district 
supplied, were actually placed at the feeding centre ; and 
if we employ a sufficient number of feeders, each con- 
nected to its own dynamo, the pressure at the terminals 
of which can be varied so as to keep the pressure at each 
feeding centre constant, we have virtually transferred 
each dynamo to its feeding centre, that is, into close 
proximity of the points of consumption. The equaliza- 
tion of pressure throughout the district supplied is thereby 

Fig. 83. 




much facilitated. At the Edison installation in New 
York there are twenty separate feeders. The junction 
safety catch box is a large round box, the top of which 
is flush with the surface of the street. It has a loose out- 
side cover and an inside cover which is bolted on to make 
a water-tight joint with the box. The central part of the 
box is occupied by three pole pieces corresponding to, and 
connected with, the three conductors in the feeder, these 
pole pieces being gun-metal rings, each having as many 
radial projections as there are mains connected with the 
box. The pole pieces, as well as all the other electrical 
fittings within the box to be presently described, are 
insulated from each other and from the box. The radial 
projections terminate in plane, polished, gold-plated sur- 
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faces^ one inch square, which are arranged symmetrically 
around the centre of the box and equi-distant from it. 
The terminals of the mains are arranged in three other 
circles, each respectively on the same level as the corre- 
sponding polar ring, but of larger diameter, and the safety 
fuses, also provided with gold-plated terminals, connect 
each pole piece with the terminal of the main radially 
opposite to it. The electric tubes containing the mains 
enter the box two feet below the surface of the street, 
and the connection between them and the box is made 
water-tight. If from any reason — a short circuit or a 
heavy leak — the current through any of the mains be- 
comes too strong, the safety fuse connecting that main 
with the feeder melts and interrupts the current until the 
damage has been repaired and a new fuse inserted. 

Another system which has already passed the first 
experimental stages is that of the American Sectional 
Underground Company. It is intended for the accommo- 
dation of telephone, telegraph, electric light, and electric 
power wires, all in the same duct, but separated from each 
other by shelves. The largest size duct yet made is a 
cast-iron pipe of rectangular section, ten inches by fifteen 
inches, costing £3,000 per mile when laid. The pipe is 
provided at every street-corner with a man-hole large 
enough for one or more men to enter for the purpose of 
hauling in the wires and making the necessary connec- 
tions. There are further, at convenient distances along 
the line of conduit, hand-holes for tapping the wires for 
house-to-house supply. The connection with the house 
wires and mains are made at the nearest man-hole, and 
the house-wires are run along an upper shelf in the duct 
devoted for that purpose until the hand-hole is reached, 
where they are taken out and across to the house. It is 
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claimed as a special feature of this system^ that through 
the interposition of shelves the telephone wires are 
guarded from induction from the electric light and power 
wires. On the other hand, it seems doubtful whether the 
insulation of heavy cables, after they have been dragged 
along the shelves, will remain perfect. To provide against 
water the man-holes are provided with sumps connected 
to the street drains, and open gratings are placed at cer- 
tain man-holes, by which means sweating and condensa- 
tion in the duct itself are prevented. 

The Brooks Underground Conduit. — The conductors 
are laid in wrought-iron pipes with suitable splice-boxes, 
hand-holes, and outlets. To protect the pipes from oxida- 
tion they are laid in a wooden trough, into which hot 
pitch is poured so as to completely envelop the pipes. 
The conductors are made up into bundles, soaked in hot 
mineral oil, and drawn into the pipes in 2,000 feet lengths. 
A heavy mineral oil is then forced into the conduit for 
the purpose of excluding moisture and increasing the 
insulation. To show the efficacy of this oil as a means 
of insulation, Mr. Brooks, at the Philadelphia Exhibi- 
tion, showed the following experiment. Two wires were 
attached to a Holz induction machine, and their extre- 
mities dipped into the oil. They were so placed as to be 
^ inch apart in the oil and 1^ inch apart at the surface. 
On turning the machine the spark passed through the 
li'' of air-space at the surface, but not through the oil, 
although there the leaping distance was much smaller. 

In all the systems above described the leading idea is 
to provide for the conductor, in the first instance, an insu- 
lation so perfect and of such thickness that moisture 
cannot get to the metal of the conductor, and so cause 
leakage. 
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The Continental Underground Cable Company prefer to 
use for their conductor a cheap and thin insulation, but 
they endeavour to surround it with an atmosphere of 
perfectly dry air under pressure. This is done by build- 
ing conduits with walls of asphalte blocks or other anti- 
moisture material, and providing them with iron supports 
and semicircular wrought-iron troughs for the accommo- 
dation of these lightly insulated mains. The mains 
are hauled through from one man-hole to the other 
by means of a cord, which has, in the first instance, 
been sent through the conduit by a carriage propelled 
by an electric motor. Very light wires can be laid 
direct by this carriage. It is proposed to close, as her- 
metically as possible, the whole of the conduit, and to 
force air into it which has been deprived of all moisture 
by being passed over some chemicals. Safety-valves are 
fitted at the end of the conduit where this air may escape 
if the pressure rises beyond a safe limit. As far as the 
author is aware this system has not yet been practically 
applied. 

Lead' Covered Cables, — Perhaps the most simple, and 
certainly a very efficient way of keeping cables dry, is 
that of surrounding each cable with a continuous sheath 
of lead. The cable, after having received the usual insu- 
lation, is passed through a machine which, by hydraulic 
pressure, surrounds it with a cylindrical coating of lead 
free from any open joints, flaws, or other imperfections 
through which moisture might enter. The cable, thus 
protected, can be laid either directly into the ground or 
into a trough made of brickwork filled with loose sand, 
and then covered over by flags or brickwork. M. Marcel 
Deprez has used forty-five miles of lead-covered cable in 
his Paris-Creil experiments on the electric transmission 
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of energy.^ If special protection is required a second 
lead sheathing is put over the first. The following Table 
gives the weight of single and double lead-covered cable 
of different cross-sectional area. 



Section in square 
inches. 


Weight in ponnds per mile. 


Ohms per mile. 


Single 
Covering. 


Doable 
Covering. 


•007088 
•009331 
•011083 
•011309 
•013193 
•014102 
•015280 
•016960 


1,150 
1,234 
1,430 
1,489 
1,516 
1,663 
1,795 
' 1,817 


1,714 
1,819 
2,092 
2,209 
2,235 
2,400 
2,613 
2,653 


6-36 
4^84 
4^05 
3^99 
3^40 
3^19 
2-94 
2^65 



^ This was, howeyer, a mistake, because with the high pressure employed 
the lead ooveringof the cable acted as an enormous condenser and gaye rise 
to heavy electro-static induction. It seems that lead-covered cables would 
be only applicable for currents of low electro-motive power. 
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CHAPTER IX. 

Possible Applications of Electric TransmissioD of Energy — ^Best Field for 
it is Long Distance Transmission — Comparison with other Systems^ 
Herr Beringer's Investigation — Hydraulic Transmission — Pneumatic 
Transmission — Wire-Rope Transmission — Comparative Tables of Effif- 
ciency and Cost— Practical Conclusions. 

If we would judge fairly the merits of a new invention, 
we should not only look upon it by itself, but compare it 
with all that has gone before and might be superseded by 
it. This is especially the case if we have to deal with a 
new thing that has many rivals, and the electric trans- 
mission of energy is precisely in this position. Ever since 
man began to use tools worked by other than manual 
power, he had to employ some system of transmission of 
energy, and as a natural consequence the number of 
systems is not only very large, but each has in the course 
of time been brought to great perfection. Electric trans- 
mission has therefore to compete with a host of mechani- 
cal devices, and it becomes important to compare it with 
them. Some enthusiasts predict that in the near future 
all belts, pulleys, shafts, ropes, and cog-wheels will be 
superseded by electric wires and motors. Thus Mr. 
Walker, in "The Electrician" of Jan. 8, 1886, says: 
" How easily and how quickly, and with little occasion 
for repairs, can two cables be laid, in almost any position, 
for mines, ironworks, docks, factories, as compared with 
shafting, ropes, steam-pipes, compressed air. I have 
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every confidence that the day will come when shafting 
and belts in factories will be looked upon as a barbarism, 
and people will wonder however they endured it so long." 
As a matter of fact, there are already several engineering 
works where electric transmission of power is largely 
used. Messrs. Duconmiun in Mulhouse, the Foundry of 
Cannon in Ruelle, the Ecole Industrielle in Saint-Cha- 
mond, the ironworks in La Buire, the workshop of Sir 
David Salomons, and a private workshop of Sir W. Arm- 
strong, in all these instances electro-motors are used. In 
the works of the Soci6t6 Gramme, and in those of the 
Compagnie ^filectrique, there is not a single shaft worked 
by belt, all the tools being coupled direct to small electro- 
motors which are supplied with current from one generator 
driven by the main engine. It is estimated that the total 
efficiency of the installation reaches but fifty per cent. — 
that is, only half the power of the engine is actually ob- 
tained at the tools. This might seem a poor return, but 
on the other hand there is no necessity for heavy walls, 
columns, or other supports to carry overhead shafting, no 
attendance is required for keeping the bearings in proper 
order, and, above all, there is no intricate mass of belting, 
the maintenance of which is expensive, and which often 
presents a source of danger. Moreover, it is claimed that 
transmission by shafts and belting has generally a lower 
efficiency than fifty per cent., because of the great weight 
of machinery which must at all times be kept in motion, 
irrespective of the number of tools at work at any 
moment, and irrespective of the load on each tool. With 
electric transmission, on the other hand, no power is con- 
sumed, and none is transmitted for those tools which are 
idle, and the power transmitted to the tools at work is 
always proportional to the amount of work they ar« 
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doing. It is this peculiarity of electric transmission, that 
the power consumed is always proportional to the work 
performed, which renders it on the whole more economical 
than some other and purely mechanical devices. 

Whether electricity is ultimately destined to supersede 
shafting pulleys and other gear now commonly used for 
transmission of energy over short distances is a question 
which only enthusiasts, or those imperfectly acquainted 
with the technical part of the subject, can be bold enough 
to answer. The practical engineer is content to go step 
by step, and to solve those problems which appear most 
promising before he attacks those less certain of success, 
and viewed in this light it would seem that long distance 
transmission offers a better field for the application of 
electricity than short distance transmission. The reason 
is not that it is easier to transmit energy electrically over 
longer distances, but that the difficulties of employing 
purely mechanical means are so great as to make com- 
petition easier. The difficulties of all systems of trans- 
mission increase with the distance, but for electricity not 
so much as for mechanical means, and consequently the 
advantages of electric transmission become more appa- 
rent at long distances. 

There are four systems of importance suitable for long 
distance transmission : — 

The electric transmission of energy. 

The hydraulic transmission of energy. 

The pneumatic transmission of energy. 

The transmission of energy by wire rope. 

We do not mention steam as a means for transmitting 
energy over long distances, because it has not come into 
extensive use. It is, moreover, unnecessary to consider 
this system specially, as the investigation of pneumatic 
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transmission would with certain small modifications be 
also applicable for steam instead of air. We also exclude 
from our list the transmission of energy by means of coal 
gas, taking place daily between the distant gas-works and 
numerous gas-engines working from the mains in the 
centre of the town. In this case we transmit, strictly 
speaking, energy, but it is energy in a latent form, and 
not potential energy, as in the systems above mentioned. 
We also leave out of consideration the idea to transmit 
energy by means of a revolving shaft extending over the 
whole distance, as something quite impracticable. Even 
if the cost of such a plant, and the difficulty of providing 
suitable bearings would not be the formidable obstacles 
they are, the system would yet be quite unsuitable for 
long distances, because the friction of the long shaft in its 
journals would absorb too much power. A simple calcula- 
tion shows that with bearings perfectly in Une, and good 
lubrication, a wrought-iron shaft of uniform thickness 
and two miles in length, cannot be turned from one end 
because the resistance of friction is greater than the tor- 
sional moment which can safely be appUed. If the shaft 
be one mile in length, fifty-five per cent, of the power 
which can safely be applied, is required to overcome its 
own friction, leaving only forty-five per cent, to be re- 
covered at the distant end, whereas in a shaft 100 feet in 
length only one per cent, is wasted in friction. These 
figures show that transmission of energy by shafting is 
only economical when applied to short distances, and 
for our present purpose it need therefore not be further 
considered. 

Returning now to the four systems which can be fairly 
considered to be competitors for long distance trans- 
mission, the choice of one or the other of them must to a 
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great extent depend upon local circumstances. If the 
latter are equally favourable to all the four system^, then 
the factors which will determine the choice are: The 
power to be transmitted, the number of hours per annum 
during which the plant is at work, the price of one-horse 
power hour at the generating station, and its commercial 
value at the receiving station, and finally the distance of 
transmission. Herr Beringer, in his interesting work ^ on 
this subject, has made the attempt to compare in a general 
way the electric transmission of energy with the other 
three systems above mentioned. In making the com- 
parison it is, of course, necessary to start with certain 
assumptions which should, as nearly as possible, represent 
the average conditions of actual practice. Thus Herr 
Beringer assumes as a basis for his calculations two 
sources of energy, steam and water. As regards the 
former he adopts Grove's valuation of one horse-power 
hour, which costs in 

Small steam-engine . . . 3*80 pence. 
Medium size steam-engines • 2*63 „ 
Large steam-engines . • 102 „ 

If the engine is at work for 300 days per annum, and 
for ten hours during each day, the annual cost of one 
horse-power when using large engines would, therefore, 
be £12 14^. As regards water-power, Herr Beringer 
adopts Meissner's estimate, according to which water- 
power costs one-fifth to one-tenth of steam-power. Under 
the above conditions he fixes the price^, of one annual 
horse-power obtained by water at £2 16^. A similar 
calculation for gas-engines, assuming that they require 

' Beringer, '^Kritische Yergleichung der Elektrischen Kraftiibertra- 
gung." Springer, Berlin, 1883. 
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30 cubic feet of gas per horse-power hour, and that gas 
costs 3^. 6d. per 1,000 cubic feet, brings the price of one 
horse-power hour up to 2*7 pence. This is inclusive of 
interest and depreciation and of attendance. Since both 
gas-engines and small steam-engines can be erected in 
almost any locality, it would obviously be useless to 
transmit the power of these prime movers to any dis- 
tance. A system of transmission will only pay if the 
cost of the power received at the distant end is less than 
the price which would have to be paid for its production 
there, and consequently we need only take those cases 
into consideration where large steam-engines or water- 
wheels, producing power at a cheap rate, are employed 
at the generating station. 

It has already been pointed out that the theoretical 
economy of electric transmission increases with the pres- 
sure employed. On the other hand, the difficulties of 
producing suitable machines, of maintaining the insula- 
tion of the line, and the risk entailed in a failure of insu- 
lation are all greater with a system where a very high 
pressure is used, and for these reasons it seems advisable 
to fix the pressure at a moderate limit. Herr Beringer 
assumes 1,500 volts as a limit sufficiently high to insure 
economical transmission, and yet not too high for safe 
working. He estimates the cost of electric transmission 
when 5, 10, 50, and 100 horse-power are required at the 
receiving-station, and in all cases for distances of 100, 500, 
1,000, 5,000, 10,000, and 20,000 meters distance. The 
prices taken for dynamos and motors are rather higher than 
the present market prices, and thus his estimates are slightly 
less favourable than they need be. Thus a dynamo to 
give 8 electrical horse-power output is valued at £200, 
whereas such a machine of approved construction can now 
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be had in the open market for £130. The comparison 
between electric transmission and mechanical systems is^ 
therefore, less advantageous to the former than it would 
be if present market prices had been taken for the basis 
of these estimates ; but the fault is one in the right direc- 
tion, and shows that Herr Beringer was not biassed in 
favour of the electrical system. The conductor is, in all 
cases, supposed to be bare copper wire carried overhead 
on poles and insulators, and separate wires for the out-and- 
home circuits are used. The diameter of the wire is cal- 
culated on Sir W. Thomson's rule for greatest economy. 
In all twenty-four estimates were made, and the result is 
given in the following table, the figures in which repre- 
sent the capital outlay in pounds sterling per horse-power 
obtained at the receiving station. The cost of the prime 
mover and that of buildings, boilers, chimney, hydraulic 
works are not included, as account is taken of these items 
in the estimate of the annual value of one horse-power as 
produced by the prime mover. The cost of foundations 
for dynamos and motors, that of measuring instruments 
and switches, are, however, taken into account : — 



Maximum 
Horse- 
power 
Trans- 
mitted. 


Capital Outlay rednced to One Horse-Power transmitted over 
a distance of 


100 m. 


600 m. 


1,000 m. 5,000 m. 


10,000 m. 


20,000 m. 


5 

10 

50 

100 


75 
52 
40 
32 


78 
54 
41 
33 


81 
56 
42 
35 


108 
77 
55 
45 


142 

103 

69 

59 


210 

154 
100 

87 



In estimating the working expenses the author allows 
14 per cent, of the capital outlay for interest and depre- 

Q 
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elation^ and he assumes that the commercial efficiency of 
electric transmission over the distances of 

100 500 1,000 5,000 10,000 20,000 meters 
is -69 -68 -66 '60 -51 -32. 

For each horse-power obtained at the receiving station 
there must consequently be produced at the generating 
station — 

1-45 1-47 1-51 1-67 1-96 3-12 horse-power. 

Allowing 1*02 pence as the price to be paid per horse- 
power hour at the generating station, the prime mover 
being supposed to be a large steam engine, the cost of one 
horse-power hour at the receiving station is 

1-48 1-50 1-54 1-70 2-00 3-18 pence, 

which, added to the figures representing interest and de- 
preciation, gives the following values for one horse-power 
hour obtained at the receiving station. 



Energy obtained by large Steam Engine, 



Maximum 
Horse- 
Power 
Trans- 
mitted. 


Price of One Horse-Power Hour in Fence transmitted 
over a distance of 


100 m. 


500 m. 


1,000 m. 


5,000 m. 


10,000 m. 


30,000 m. 


5 

10 

50 

100 


2-25 
1-98 
1-87 
1-79 


2-33 
2-07 
1-94 
1-85 


2-41 
2-14 
1-99 
1-91 


2-87 
2-53 
2-28 
2-18 


3-29 
3-10 
2-74 
2-63 


5-20 
4-85 
4-25 
4-08 



In compiling this table it has been assumed that the 
plant is at work for 3,000 hours per annum. 
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If water-power has to be transmitted, it will in most 
cases be advantageous to keep the plant at work night 
and day, because, in so doing, a maximum of horse-power 
hours is obtained from a given plant. Under these con- 
ditions the price of one horse-power hour in pence is as 
shown in the following table : — 

Energy obtained by Water Motor. 



Maximum 
Horse- 
Power 
Trans- 
mitted. 


Price of One Hjrse-Power Hour in Fence transmitted 
over a distance of 


100 m. 


500 m. 


1,000 m. 


5,000 m. 


10,000 m. 

•52 
•47 
•37 
•32 


20,000 m. 


5 

10 

50 

100 


•35 

•27 . 

•23 

•20 


•36 
•28 
•24 
•22 


•37 
•29 
•26 
•23 


•44 
•36 
•29 
•26 


•84 
•71 
•55 
•50 



The hydraulic transmission of energy presents many- 
points of resemblance with the electric transmission. We 
have at the generating station a force pump which delivers 
water under high pressure into a pipe leading to the 
receiving station, where part of the energy is recovered 
by a water motor. To minimize the loss of energy due 
to the friction of the water against the pipe, the velocity 
of flow should be as small as possible, or, in other words, 
the diameter of the pipe should be as large as possible. 
In thus trying to increase the economy of the system, we 
incur a larger capital outlay ; and applying Sir William 
Thomson's rule also to this case, we find that there exists 
for every given set of conditions, one particular diameter 
of pipe for which the sum of the annual value of energy 
wasted, and the annual interest on capital outlay becomes 
a minimum. So far the analogy with the electrical 
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system is perfect. But there enters another element into 
the calculation which to a certain extent modifies the 
law. It has been shown that the most economical size of 
a copper wire depends only on the current, but not 
directly on the pressure. It depends on the pressure in- 
directly, inasmuch as with an increased pressure a given 
amount of energy can be transmitted by using a reduced 
current, and this again involves a reduction in the size of 
the conductor. But if the current be a fixed quantity, an 
increase of pressure does not entail a greater outlay for 
conducting material. It might very slightly increase the 
cost of the installation by necessitating a more careful 
insulation ; but the difference in expenditure for a good 
and a perfect insulation is not a great item. With 
hydraulic transmission the case is different. An increase 
of pressure does entail a greater outlay for conducting 
material, because the thickness of metal in the pipe must 
be increased as the pressure is increased ; therefore the 
cost of the conductor depends not only on the quantity of 
water to be transmitted, but also on the pressure. A 
natural limit is thus set to the increase of pressure by 
financial considerations which are absent in the case of 
electric transmission. The pressure is also limited by 
technical considerations. In the first place the water 
motor is an engine with bearings and other moving parts, 
which can only work satisfactorily, and without heating 
or undue wear, if the pressure between the moving sur- 
faces in contact remains within reasonable limits ; the same 
as in any other engine. In the second place, if the pres- 
sure be increased beyond a certain limit depending on the 
tensile strain of the material of the pipe or working 
cylinder, no increase in the thickness of metal can save 
these parts from bursting, as every engineer knows. 



Digitized 



by Google 



PNEUMATIC TRANSMISSION. 229 

Such a limit to electric pressure does not exist in dynamo 
machines or electro-motors. It is perfectly conceivable 
to employ any desired pressure provided we increase the 
thickpess of insulation sufficiently. 

Another point where there is a vital difference between 
electric and hydraulic transmission of energy is that the 
electro-motor has nearly the same commercial efficiency, 
whether fully loaded or not, whereas the water-motor 
when working light has a very much smaller efficiency 
than when fully loaded. Hydraulic transmission can, 
therefore, only be employed where the question of effi- 
ciency is of secondary importance, or where the amount 
of energy to be transmitted is not subject to variations. 

All the above remarks, save the last, apply also to 
pneumatic transmission. But since the friction of com- 
pressed air against the walls of the pipe is less than that 
of water, the pneumatic system can be used over greater 
distances than the hydraulic system. It is also possible 
to obtain a higher efficiency with varying loads by pro- 
viding the receiving machine with a variable expansion 
gear. There is, however, another drawback peculiar to 
the employment of an elastic fluid. It is well known that 
heat is generated in compressing air. To prevent the air- 
pump from becoming too hot, the air in the act of being 
compressed must at the same time be cooled, which is 
done either by surrounding the compressing cyUnder with 
a water-jacket, and also by circulating water through the 
interior of the compressing piston, or by injecting a spray 
of water at each stroke of the piston. The latter is by 
far the more effective plan, and has been adopted by 
M. Colladon in his air-compressors used in the works at 
the Gothard Tunnel. The air, which is always charged 
more or less with moisture (irrespective of the water in- 
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jected), upon expanding and performing work in the re- 
ceiving engine^ becomes reduced in temperature, and 
thus there is danger that snow will be deposited in the 
valves and passages of the engine. This danger will be 
the greater the more expansively the engine works — that 
is to say, the more economical we wish to render the 
system. To prevent the engine from becoming clogged 
by snow and ice, it is therefore necessary to apply heat in 
some form, and that is generally done by injecting hot 
water. It need hardly be pointed out that the complica- 
tions thus introduced at the generating station and at the 
receiving station, and the increased working expenses 
entailed, are very objectionable features of pneumatic 
transmission, counterbalancing to a great extent the 
economical advantage it has as compared to hydraulic 
transmission. 

The transmission of energy by wire rope invented in 
1850 by M. Him is the most simple, and, up to reason- 
able distances, the most economical of all the known 
means of transmitting energy. The system is so gene- 
rally known that a detailed description need not be given 
in this place. Suffice it to say that the principal sources 
of loss of energy are, 1. Friction in the bearings of the 
rope pulleys ; 2. Air resistance ; 3. Stiffness of ropes. 
The loss occasioned through the slipping of the rope on 
its pulleys is so small that it can be neglected. The 
pulleys are placed about 100 yards apart. Greater dis- 
tances are sometimes used, but are avoided where pos- 
sible, as the sag of the rope requires too much head 
room, the influence of temperature in contracting and ex- 
panding the rope becomes too great, and the handling of 
the rope for renewal or repairs becomes too difficult. From 
data obtained with wire-rope transmissions actually in- 
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Stalled over distances varying betyveen 100 and 1,000 
meters, Herr Beringer calculated the efficiency of the 
system as follows : — 

Distance 100 500 1,000 5,000 10,000 20,000 meters. 
Efficiency -96 -93 90 -60 S/ -13 

The rapid falling off in efficiency for the longer dis- 
tances is due to the large number of intermediate stations 
necessary on account of the span being limited to 100 
meters. 

The author in the book above mentioned gives a large 
number of estimates for transmission by water, air, and 
wire rope, calculated in the same manner as for elective 
transmission. We need in this place not follow him into 
all the details, but must be content to note the final 
results of his calculations as being more directly of 
interest to our subject. The following comparative table 
shows the commercial efficiency of the four rival systems 
for different distances of transmission : — 

Commercial Efficiency, 



Distance of 
Transmission. 


Electric. 


Hydraulic. 


Fneumatic. 


WireBope. 


100 m. 


•69 


•50 


•55 


•96 


500 m. 


•68 


•50 


•55 


•93 


1,000 m. 


. ^66 


•50 


'SS 


•90 


5,000 m. 


•60 


•40 


•50 


•60 


10,000 m. 


•51 


•35 


•50 


•36 


20,000 m. 


•32 


•20 


•40 


•13 



It will be seen that for distances less than 5 kilometers 
(about three miles) transmission by wire rope is more 
economical than that by any other system. For distances 
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greater than 5 kilometers the electric transmission is 
most economical. As regards capital outlay, the wire- 
rope system is also for short distances more advantageous 
than electric transmission, the limit being at about 
3 kilometers (a little under two miles). Beyond that the 
electrical system is the cheapest, as will be seen from the 
annexed table : — 

Capital Outlay in Pounds Sterling reduced to one 
Horse^Power. 



SI ftziiDtun 








Over a 


distanc'-e of 


• 


Hone- 
Poweir 


System of Trans- 


























Trans- 
mitted. 


mission. 


loom. 


600 m. 


1,000 m. 


5,000 m. 


10,000 m. 


20,000 m. 


i 


Electric 


76 


78 


81 


108 


142 


210 . 


' { 


Hydraulic 


41 


66 


97 


358 


610 


1280 


Pneumatic 


73 


96 


210 


600 


1090 


2060 


\ 


Wire Rope 


6-5 


31 


61 


305 


760 


1220 


/ 


Electric 


52 


54 


56 


77 


103 


164 


10 - 


Hydraulic 


30 


45 


65 


220 


416 


806 


Pneumatic 


60 


72 


88 


213 


369 


680 




Wire Rope 


51 


23 


47 


231 


460 


925 


f 


Electric 


40 


41 


42 


55 


69 


100 


50 \ 


Hydraulic 


16 


21 


30 


91 


170 


325 


Pneumatic 


31 


36 


42 


88 


147 


265 


y 


Wire Rope 


1-8 


7-2 


14 


69 


136 


272 


c 


Electric 


32 


33 


35 


46 


59 


87 


100 \ 


Hydraulic 


14 


20 


28 


88 


164 


310 


Pneumatic 


26 


30 


34 


67 


109 


192 


^ 


Wire Rope 


1-1 


4-3 


8-4 


41 


81 


162 



The table shows that for short distances the cost of 
electric transmission is very considerable as compared to 
that of the other systems. The reason for this is that 
the prices of dynamos and motors have been rather over- 
estimated, as already mentioned. For long distances this 
is not so noticeable, as the conductor forms the more 
important item, and especially since an electric wire is 
cheaper than an equivalent hydraulic or pneumatic tube. 
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If we compare the conductors only we find that for the 
transmission of 10 horse-power a copper wire of 127 mils 
diameter (iV^ lOi B. W. G.) is equivalent to a water-pipe 
of 3|-'' diameter, or to an air-pipe of Sf'"' diameter, or to a 
wire rope of -^'^ diameter. The proportion between the 
cost of these conductors calculated for equal distances 
is as 

1-4 : 34-8 : 27-8 : 1 

The conductor with hydraulic transmission costs there- 
fore twenty-five times as much, and with pneumatic 
transmission it costs nearly twenty times as much as with 
electric transmission. These figures prove that as far as 
capital outlay is concerned, the electric system has the 
greatest advantage where the conductor is long, that is, 
where the energy has to be transmitted over a long 
distance. 

It would, however, not be correct to compare the four 
systems on this basis alone. The comparison must be 
made on the question of capital outlay combined with 
efficiency, in other words, the figure of merit for each 
system is the price which has to be paid for one horse- 
power hour at the receiving station. 
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The smaller this price, the better the system. A 
glance at the annexed table will show that the cost of 
one horse-power hour increases in all systems with the 
distance, but with electric transmission the increase is 
not so rapid as with the other systems. The table also 
shows that up to a distance of 1,000 meters (five-eighths 
of a mile), wire-rope transmission is better than electric 
transmission, but above that limit the electrical system is 
better. Hydraulic and pneumatic transmission are in 
some few cases better than electric transmission, but then 
the wire rope is again better than either, so that there 
does not seem to be a field for the application of the 
hydraulic or pneumatic system, except in cases where 
the other two systems are for some local reason inadmis- 
sible, or where the water and air may be of further use 
after the power has been obtained from them. This, for 
instance, is the case with the pneumatic transmission em- 
ployed in the building of tunnels. Here it is an absolute 
necessity to force air to the end of the workings for ven- 
tilating purposes, and pneumatic transmission is adopted 
in preference to any other system which would require 
some special ventilating plant being erected. 

The last column on the right in the table gives the 
cost of one horse-power hour in pence, obtained from a 
steam-engine placed at the receiving station, in which 
case the transmission becomes unnecessary. It is evident 
that it will always pay to place a steam-engine if the 
power from it can be had at a cheaper rate than it can be 
brought from a distant source. If the source be water- 
power transmitted electrically, then the local engine is 
more expensive in all cases comprised within the limits of 
the table ; but if the source is a steam-engine then it 
depends on the distance and the amount of power re- 
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quired^ whether a local steam-engine can produce the 
power more cheaply or not. Say we require ten horse- 
power at the receiving station. We can obtain this power 
at the expenditure of 2^. 2\d. per hour with a small steam- 
engine erected there. Now if a large steam-engine, 
working very economically could be found within a 
radius of say two miles from the place where we require 
ten horse-power, we might utilize this engine to drive a 
generating dynamo and transmit the energy electrically- 
The hourly cost of ten horse-power actually obtained 
from the electro-motor would then be about 25., or ten 
per cent, less than the power obtained from a local engine. 
In this case it would barely pay to use electric transmis- 
sion. If the distance were a little more than two miles it 
would certainly not pay. On the other hand, if the power 
required is small, say under five horse-power, then 
electric transmission shows a considerable advantage. 
Thus five horse-power produced in a small local steam- 
engine cost 1^. 7d. per hour, whereas we might transmit 
the same power over a distance of two miles at a cost of 
1^. Id, which represents a saving of 6d. per hour. 

Summarising the results detailed in the table, we come 
to the following conclusions : — 

1. It pays to transmit cheap water-power ; by wire 
rope if the distance is less than a mile, and electrically if 
the distance is a mile or more. This applies to all powers. 

2. It pays to transmit cheap steam-power if the amount 
of energy required at the receiving station does not 
exceed ten horse-power. If the distance is less than a 
mile use wire-rope transmission ; for distances of one 
mile and upwards, up to two or three miles, use electric 
transmission. Beyond this limit a small local steam or 
gas engine is preferable. 



Digitized 



by Google 



CHAPTER X. 

Classification of Dynamo Electric Machines — The Edison Dynamo — The 
Edison-Hopkinson Dynamo — The Thomson- Houston Dynamo — The 
Immish Motor — The Manchester Dynamo — The Elwell-Parker Dynamo 
— The Elwell-Parker Motor — The Crompton Dynamo — The Goolden 
Trotter Dynamo — The Andrews Dynamo— The Kapp Dynamo — The 
Phoenix Dynamo — The Reckenzaun Motor — The Victoria Dynamo— 
The Giilcher Dynamo. 

In the foregoing chapters we have dealt with the 
general principles of electric transmission of energy, 
and with the general conditions to be fulfilled by the 
generator and receiver, without, however, limiting the in- 
vestigation to any special type of dynamo machinery. It 
will now be necessary to confront the subject from a 
more practical point of view by entering in detail into the 
types of dynamos and motors at present in use. In so 
doing the author must point out that the present book is 
not intended to teach how dynamo machinery should be 
designed and practically constructed. This is a subject 
so vast, that its treatment could well fill two such volumes 
as the present one, and will therefore not be attempted in 
these pages. The question is rather, how existing types 
of dynamos and motors can best be utilized for the 
electric transmission of energy, and for this purpose it 
suffices to give a descriptive account of those types of 
dynamo electric machines which have been found practi- 
cally successful. Both as regards generator and receiver 



Digitized 



by Google 



238 ELECTRIC TRANSMISSION OF ENERGY, 

the machines can be classified in the manner adopted in 
Chapter IV. according to the type of armature employed. 
We distinguish three types of armature : — 

I. The Drum, where the wire is wound along the sur- 
face and over the ends of the core. 

II. The Cylinder, where the wire is wound along the 
surface and through the internal space of the core. 

III. The Disc, which only differs from the cylinder by 
the proportions of the core, the diameter being large in 
comparison to the length. 

It may be well to point out in this place that the drum 
requires less wire than the cylinder to produce the same 
electro-motive force, because the end connections in the 
former are generally shorter than the internal connections 
in the latter type ; but it has this practical defect, that 
at the ends the different wires cross each other in many 
layers. This is objectionable for two reasons. In the 
first place, wires between which a great difference of 
potential exists, are brought close together, whereby the 
liability to short circuits is increased, and in the second 
place repairs are very difficult, because in order to reach 
any particular wire, all those coils which are wound over 
it must first be removed. In the cylinder and disc 
armatures, on the other hand, neighbouring wires on the 
outside as well as on the inside are never at a great dif- 
ference of potential, and each coil can be removed and 
replaced without disturbing the rest of the winding. 

Each of the three types mentioned above can be 
further subdivided, according as the core has a smooth 
surface, or is provided with teeth projecting through the 
winding. The following table contains a list of the 
d3mamos and motors conmionly in use at the present 
day, classified under the six types as explained above : — 



Digitized 



by Google 



LIST OF MACHINES. 239 

Ia. Drum with Smooth Core, 
Edison, made by the Edison Company. 
Edison-Hopkinson, made by Messrs. Mather and Piatt. 
Parson, made by Messrs. Clarke, Chapman, and Co. 
Thomson-Houston, made by the Thomson- Houston 
Company. 

Siemens, made by Messrs. Siemens and Co., Limited. 

Ib. Drum with Toothed Core. 

Weston, made by the United States Electric Lighting 
Company. 

Immish, made by Mr. Moriz Immish. 
Griscom, made by the Griscom Company. 

IIa. Cylinder with Smooth Core. 

Manchester, made by Messrs. Mather and Piatt. 

Gramme, made by Messrs. Goolden and Trotter. 

Elwell-Parker, made by Messrs. Elwell, Parker, and 
Co., Limited. ^ 

Marcel-Deprez, made by Syndicat Frangais d'Elec- 
tricite. 

Crompton, made by Messrs. Crompton and Co. 

Maxim, made by Maxim- Weston Company. 

Jones, made by Messrs. Greenwood and Batley. 

Andrews, made by Messrs. Andrews and Co. 

Kapp, made by Messrs. W. H. Allen and Co. 

IIb. Cylinder with Toothed Core, 

Phoenix, made by Messrs. Paterson and Cooper. 

Keckenzaun, made by Mr. Keckenzaun. 

Brush, made by Anglo-American Brush Corporation, 

IIIa. Disc with Smooth Core. 
Schuckert, made by Mr. Schuckert. 
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Victoria, made by Anglo-American Brush Cor- 
poration. 

New Gulcher, made by the Giilcher Company. 

IIIb. Disc with Toothed Core. 

Giilcher, made by the Gulcher Company. 

Joel, made by the Pilsen-Joel Company. 

The core of the Edison armature consists of a number 
of circular iron discs threaded on the spindle, and held 
together lengthway by bolts and screws. The pole pieces 
are massive cast-iron blocks bored out to receive the 
armature. The field is produced by a compound magnet 
consisting of a number of long wrought-iron cylinders of 
comparatively small diameter, abutting at one end against 
the pole pieces and at the other against the yoke, which 
is a massive cast-iron block. It will be clear that this 
arrangement is defective on account of the high magnetic 
resistance occasioned by the small cross-sectional area of 
the magnet cores, and also because the total length of 
magnetizing wire required for a number of small magnets 
is greater than that which would suffice for a single 
magnet, the cross-sectional area of which is equal to the 
smn of the areas of the small magnets. Since the specific 
magnetic resistance of cast iron is considerably greater 
than that of wrought iron, the cast-iron part of a magnetic 
circuit should be larger than the wrought-iron part ; and 
if this be ^ot the case in any particular point — as, for in- 
stance, at the butting joint between magnet cores and 
pole pieces and yoke above mentioned, — the Unes of force 
will be throttled at that point, thus reducing the strength 
of the field. Another defect in the Edison machine is 
that the bolts employed to hold the core of the armature 
together are not insulated from it, and become, therefore. 
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the seat of strong local currents, which create heat and 
absorb energy. Dr. Hopkinson has in his modification of 
the Edison dynamo removed the various defects here 
enumerated, and has produced machines giving for the 
same size of armature about double the output as com- 
pared to the Edison type. One of these improved dynamos 
is illustrated in Figs. 84 and 85. The iron discs forming 
the core of the armature are held together by two large 
washers screwed on the spindle, thus doing away with 
the bolts used by Edison. The field is formed by one 
single horse-shoe only, the core being 18 inches wide by 
9i inches thick, with rounded comers. Area of core 
171 square inches. The armature is 10 inches in dia- 
meter, and contains 80 conductors, or 40 complete turns, 
each conductor consisting of 16 strand '069 wire. A 
stranded conductor is used in preference to a solid one, 
on account of the greater facility of bending and laying 
across the ends. The attachment to the commutator, 
which contains 40 bars of hard-drawn copper insulated 
with mica, is made with gold-plated spoons, which system 
insures good contact and at the same time admits of easy 
removal for the purpose of repairs. The resistance of the 
field magnet coils, which are coupled up as a shunt to the 
armature and external circuit, is 16 ohms, that of the 
armature is *009 ohms, and at a speed of 800 revolutions 
a minute the electro-motive force is 110 volts, and the 
maximum current is 300 amperes. Similar machines, 
but wound for 250 volts, are used both for generators 
and receivers at the Bessbrook and Newry Electric 
Tramway, where the motive power is furnished by 
turbines. 

The ThomsoTi'Houston machine seems, on account 
of its high electro-motive force, particularly suitable for 
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the transmission of energy over long distances. Fig. 87 
shows a general view of this remarkable dynamo. The 
armature contains only three coils^ but each of many 
turns wound over an ellipsoidal core consisting of an 
inner cast-iron shell and winding of iron wire. Since 
the copper coils are in planes containing the spindle, as in 
all drum armatures, the radial depth of the coils is 
greatest near the axle and least at the equator of the 
ellipsoid, thus bringing the external surface of the arma- 




ture when completed up to a true sphere. The field 
magnet cores are short cylinders of cast-iron, provided at 
their outer ends with external flanges for connection with 
wrought-iron bars forming the yoke (see also Table of 
types of magnet, page 100), and at their inner ends with 
pole pieces forming the zones of a sphere within which the 
armature revolves. 

The action of the machine will be understood by 
reference to Fig. 86, which represents diagrammatically the 
armature, commutator, brushes, and pole-pieces, S N. 
Since diametrically opposite points of the same coil pass 
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always before poles of opposite sign, the electro-motive 
forces created in those points are of opposite direction as 
regards a fixed point in space, but of the same direction 
as regards the coil itself. In considering the action of 
the armature, it will, therefore, suffice if we substitute for 
each coil one half turn of wire ; the effect will be the 
same in kind, though, of course, reduced in magnitude. 
Let Ay By C represent the three half turns in end view. 
The coils themselves are wound in the following manner : 
The first half of coil A is wound, the starting end being 
left near the axis and free. To this is joined the starting 
end of coil J?, and the first half of it is likewise wound, 
forming with coil A an angle of 120 degrees. The start- 
ing end of coil C is next joined to the two others, and 
the whole of coil C is then wound, forming with the two 
others an angle of 120 degrees. Coil B is next com- 
pleted, and finally coil Ay which finishes the winding. 
The three free ends of the coils are brought out through 
the hollow spindle, as shown in Fig. 87, and are attached 
to three segments of a commutator, each a little less than 
120 degrees long, so as to leave an insulating air space 
between adjacent segments. 

We assimie in Fig. 86 that the lines of force pass 
straight across from one pole piece to the other. In this 
case n n will be a neutral line, and no electro-motive force 
will be created in any of the wires whilst passing it. To 
the right of that line the electro-motive force is directed 
towards the observer — the direction being indicated by a 
little cross inscribed into the circle representing the wire 
— and to the left of that line the electro-motive force is 
directed from the observer, the direction being indicated 
by a dot placed similarly. On each side of the neutral 
line there are fixed two brushes forming an angle of 
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about 60 degrees with each other, and being in metallic 
connection as shown. The current enters the armature 
by the brushes on the left, and leaves it by the brushes 
on the right. Since the commutator segments form an 
arc of nearly 120 degrees, it will be seen that A is placed 
in contact with the lower positive brush as soon as it has 
passed the neutral line, whilst B only leaves the upper 
positive brush a moment before it reaches the neutral 
line. Each coil is thus in contact with one or the other 
set of brushes for nearly one half revolution and two coils 
are connected in parallel for nearly a sixth part of a 
revolution, the third coil being during that time in series 
with them. When B has passed the neutral line it be- 
comes connected in parallel with (7, and ^ is in series 
with them. The next sixth of a revolution brings C7and 
A into parallel and B into series connection, and so on. 
It might be thought that on account of the small number 
of coils on the armature the current must be pulsating. 
This, however, is not the case, and the steadiness of the 
current is partly due to the fact that each coil, when it is 
in the position of strongest action, is coupled with the 
two other coils, which are in the position of weakest 
action, and partly to the effect of self-induction in the 
field-magnet coils, which are in series with the armature 
and external circuit. The magnetic inertia of the field 
opposes a certain passive resistance to any sudden change 
in the intensity of the current and acts as a steadying 
agent in the same manner as a heavy fiy-wheel on a 
steam-engine tends to keep the speed uniform. Self- 
induction plays also an important part in the armature 
itself, preparing, as it were, each coil for the current 
which is generated in it as soon as it passes the neutral 
line, and yet preventing any undue amount of back flow 
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a£ current through any single coil whilst the same is in a 
weak part of the field. It is evident that in a symmetrical 
field the electro-motive forces in A and B will be equal 
at the moment when these wires are equidistant from the 
neutral line, but not in any other position. When A has 
advanced into a position where its rate of cutting lines of 
force is greater, B will have advanced into a position 
where its rate of cutting lines offeree is less than before, 
and consequently the electro-motive forces in these two 
coils (which, as mentioned above, are in parallel connec- 
tion) will no longer be equal. If there were no self- 
induction in B the excess of electro-motive force in A 
would simply be used up in urging a local current 
through the two coils. This current would be quite 
useless as far as the external circuit is concerned, and the 
energy thus wasted would, of course, result in a reduc- 
tion of the available electro-motive force. In reality this 
is not the case. The coil B, although of lower electro- 
motiv-e force than Ay is able by its self-induction to resist 
for a certain time the current which A tries to force back 
through it. This resistance can only last a very short 
time, after which, figuratively speaking, B would be 
overpowered by A ; but the time during which the two 
coils are coupled parallel is also exceedingly short. In a 
machine running at 850 revolutions a minute it would 
only require the one hundred and seventieth part of a 
second for the wire B to move from ^ position where it is 
equivalent to A into a position where it is already dis- 
connected from A. Small as this interval of time may 
appear, it suffices for the creation of some, though not a 
very large back current in B. This is an advantage, for 
when B has passed the neutral line it becomes coupled in 
parallel with (7, and could, therefore, receive a strong 
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local current from the latter coil, which at the time is 
near its position of best action. But since B has been 
provided by A with a downward current before passing 
the neutral line, the inertia of this current and the self- 
induction of the coil B are sufficient to resist for a short 
time the tendency of (7 to set up a back current. By the 
time this resistance could be overcome coil B itself has 
passed into a strong part of the field and has thus become 
the seat of a high electro-motive force. A moment later 
C enters the weak part of the field, and is charged by B 
with an upward current, preparing it for parallel connec- 
tion with A on the right of the neutral line, and so on. It 
cannot, of course, be expected that these inter-actions take 
place with mathematical precision, and that the forces be 
balanced to a nicety, and it is, therefore, necessary to 
make provision by which any want of balance, manifest- 
ing itself in sparking at the commutator, may be rendered 
harmless. For this purpose an air blast is fitted to the 
machine, the jets of air being directed at the two points 
on the commutator where the forward or leading brushes 
touch it, and the action of the blast, which is intermittent, 
is so timed that a puff of wind is produced at each moment 
when a segment leaves the brush, thus blowing out the 
spark. 

The machine is made self-regulating for constant cur- 
rent by an electro-magnetic device (shown on the left in 
Fig. 87), which causes the angle between each set of 
brushes to increase when the current becomes too strong, 
whereby the armature is for shorter or longer periods 
short-circuited on itself, and its electro-motive force with- 
drawn from the external cu'cuit. A detailed description of 
the mechanism employed will be found in an article by the 
author, published in "The Engineer" for August 28,1885. 
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Passing now to machines having drum armatures with 
toothed core, that of most direct interest to our subject is 
the Immisch electro^motor. It has already been pointed 
out that the current passing through the coils of any 
armature tends to develop magnetic polarity in the 
armature core, and the torque of the armature can be 
considered to be the effect of the attraction and repulsion 
between the poles of the field-magnets and those deve- 
loped in the armature. Since the armature poles depend 
on the armature current, this explanation is identical with 
that given previously, where it was stated that the torque 
is proportional to the product of strength of field and 
armature current. In the Immisch motor an attempt 
has been made to avoid to some extent the magnetic in- 
duction between like poles in armature and field, and to 
increase the induction between unlike poles by the device 
of recessing part of the pole pieces, as shown in Fig. 88. 
On theoretical grounds no advantage can be expected 
from this design ; and, indeed, it is inapplicable to cases 
where the motor is required to run in either direction. 
If this condition has to be fulfilled, the pole pieces are 
bevelled off on both sides, as shown in the half-section. 
Fig. 89. The pole pieces are extended in a direction 
parallel to the armature spindle, as will be seen from the 
perspective view. Fig. 90. 

The principle underlying Immisch's motor is that the 
number of armature coils shall be greater or less by one 
than the number of field poles. Thus an armature with 
three coils can be employed in either a two-pole or a 
four-pole field ; an armature of five coils can be employed 
in a four or six-pole field, and so on. On account of 
simplicity, however, the usual arrangement is a three- 
coil armature in combination with a two-pole field. The 
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core of the armature is built up of toothed iron discs, 
supported on gun-metal arms, and separated from each 
other by paper insulation, and further divided into groups 
so as to form three or more air-spaces. Openings are 
left between the layers of wire crossing each other at the 
ends, so that air can enter into the space surrounding the 
spindle ; and openings are also left between the winding 
on the outer surface. As far as the author knows, this is 
the only drum armature with internal ventilation. The 
six ends of wire corresponding to the three armature coils 
are connected to a commutator consisting of two series of 
three segments each. The two series have an angular 
displacement with regard to each other, so that the divid- 
ing line between two segments in the first series stands 
opposite the middle of a segment in the second series, and 
vice versd. Brushes resting on the commutator at oppo- 
site points, and overbridging both series, connect two of 
the coils in parallel circuit, while the third coil is cut out. 
The two active coils form poles on that part of the arma- 
ture which is surrounded by the third or inactive coil. 
Since the latter could, by reason of its position, not con- 
tribute anything to the intensity of these poles, the fact 
of its being cut out does not in any way diminish the 
torque, but it has the advantage of reducing the resis- 
tance of the armature by one-third. By splitting up 
each brush into two separate brushes, the two active coils 
can be connected in series, thus rendering the same motor 
suitable for double the electro-motive force. In many 
cases this is an advantage, and the change can be effected 
by means of a simple switch. 

One of these motors, as tested by the jury at the re- 
cent Inventions Exhibition, gave the following re- 
sults : — 
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Speed. 


Volts. 


Amperes, 


Brake H-F. 


Commercial 
Efficiency. 

•778 


1,240 


40 


19-0 


•794 


1,500 


49 


19-5 


•960 


•750 


1,800 


58 


19-5 


1^150 


•761 


2,100 


68-5 


27-0 


1^340 


•732 


2,100 


69-9 


20-0 


l^340 


•719 


2,220 


84 


27-0 


2^308 


•759 


2,320 


90 


260 


2^413 


•771 


2,400 


93-5 


27-0 


2-496 


•733 



The weight of the motor tested was 156 lbs., being at 
the rate of 62 lbs. per horse-power for full load. The 
following is a table containing diameter of armature, ex- 
treme load, and weight as given by the maker : — 



Armature 4" b" 


6" 7' 


8" 


9" 10" 


^TTl 1 1-5 3-25 
load, n-p. ) 


6^7 125 


19 


26 35 


Weight, lbs. 80 156 


270 430 


640 


910 1,250 



Amongst the machines with smooth cylindrical armature 
cores the " Manchester " dynamo deserves special mention 
for its compact form. It will be seen from the illustra- 
tion. Fig. 91, that the magnetic circuit is of the double 
horse-shoe pattern, the magnetizing coils being placed 
over that portion of the magnet which in other machines 
constitutes the yoke. The pole pieces are heavy cast-iron 
blocks, the lower one being provided with extensions for 
carrying the bearings of the armature spindle. The 
magnet cores are wrought-iron cylinders, and their ends 
are fitted tightly into extensions of the pole pieces. The 
area of contact between the cast-iron and wrought-iron 
portions of the magnetic circuit is about twice as large 
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as the cross-sectional area of the magnet core, in order 
that the lines of force in passing from the material of 
greater magnetic conductivity into that of smaller mag- 
netic conductivity may not be throttled, as was the case 
in the original Edison dynamo. The armature core con- 
Fig. 91. 




MANCHESTER DYNAMO. 



sists of a series of thin wrought-iron discs insulated from 
each other at their outer periphery, and supported on the 
spindle, by metal arms in a positive mechanical manner. 
The wire coils are, however, held on the *core by friction 
only, which is increased by the presence of the usual 
binding hoops. The electrical data of a machine intended 
for a current of 200 amperes at 110 volts pressure, as 
given by "The Engineer" for Aug. 7, 1885, are as 
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follows : — Magnet cores, 7^ inches diameter ; length of 
magnetizing coils (which are wound on separate metal 
sleeves), 124^ inches ; armature core, 12 inches diameter 
and 12 inches long ; armature conductor, 203 mils solid 
wire wound in 120 convolutions, and connected in the 
usual way with a 40-part commutator ; resistance of 
armature, '023 ohms ; field magnets are compound- 
wound ; resistance of shunt coils on magnets, 19*36 ohms ; 
resistance of main coils on magnets, '012 ohms ; each 
magnet limb contains 1,680 turns of 65 mils shunt wire^ 
and 42 turns of treble 203 mils main wire ; normal 
speed, 1,050 revolutions a minute. There is no provision 
made for ventilating the interior of the armature core. 

The core of the Eltoell-Parker Armature consists of 
iron wire coiled direct upon two sets of metal supporting 
arms. To preserve a true circular shape segments of 
wood are inserted between the arms, and the outside is 
turned to a cylindrical surface before the iron wire is 
coiled onto it. The outer edges of the arms are insulated 
with tape and fibre, so as to prevent contact between the 
arms, which are keyed to the spindle, and the core or the 
copper conductor. In Fig. 92 ^ a, a are the two sets of 
arms keyed to the spindle (7, and having on each side 
projections c, by which stout fibre washers, d^ are held in 
place. The object of these washers is to hold together 
lengthways the* coils of iron wire (partly shown in the 
illustration) which form the armature core. After the 
same is completed, the wood segments are removed, and 
the copper conductor is wound over the core, and con- 
nected with a commutator in the usual Gramme method. 



^ The author is indebted to the courtesy of the editor of " The Engineer " 
for this illustration, as well as for Figs. 86, 96, 97, 98, 101, 108. 
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The bars of the commutator are provided with long 
tagsyi which serve to support a leather disc /, by which 
means air is prevented from being drawn into the inte- 
rior of the armature from the side of the commutator. 
Were this precaution not adopted, copper dust produced 
by the wearing of the brushes would be drawn by the 
current of air into the armature, and lodging between 
the internal coils, would sooner or later create a short 
circuit. The tags / act as fan-blades, expelling the air 
at the left, and drawing it into the armature at the right, 
thus not only ventilating the internal coils, but also 
keeping the copper-dust out. The interior of the core 
itself is, however, not ventilated. The conductor is 
wound over the core in one layer only on the external 
surface in order that the distance between the core and 
pole pieces and, therefore, the magnetic resistance of the 
air space (see Chapter IV., page 108) may be a minimum. 
The field magnets are formed by four slabs of wrought 
iron bolted together at the comers so as to form a rect- 
angle, as will be seen from the perspective illustration. 
Fig. 93. In the longitudinal section (Fig. 92), S, S 
represent the cores proper of the magnets, and -ST, K are 
cast-iron pole pieces bolted on. To increase the magnetic 
conductivity a number of holes are drilled through the 
cast and wrought iron, and soft iron pins (shown in dotted 
lines) are tightly driven into these holes. In some of the 
later machines. the pole pieces themselves are made of 
wrought iron, and then there is no need of this device. 
The field magnets are supported on a frame, M, of non- 
magnetizable metal, which also serves as a base for the 
bearings of the armature spindle. This machine acts 
equally well as a dynamo or as a motor, but where 
economy of space is an object, as for instance in motors 
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for tramways^ which must be placed under the floor of 
the car, field magnets of the Siemens type (see type of 
magnets, page 100) as shown in Fig. 96 are employed. 

In dynamos of larger size the field magnets are so 
arranged as to present four poles to the armature. Fig. 94 ; 
two diametrically opposite poles being of the same sigiu 
In this manner four distinct circuits through the arma- 
ture are obtained, and correspondingly four brushes are 
used. If equi-potential points of the armature conductor 




FOUS-POLB MACHINB, 



were permanently connected with each other, as has been 
done in the Elphinston-Yincent and in the Victoria dyna- 
iii06» two brushes would suffice. The practical advan- 
tage of four poles over two is that double the current 
can be obtained without increasing the density of current 
in the armature conductor. , On the other hand, there is 
a slight sacrifice of electro-motive force due to the greater 
magnetic resistance of air space and consequent weakening 
of the field. In cylinder armatures the area of each pole 
piece (a b of the formula given in Chapter IV.) must 
evidently be the smaller, the more separate pole pieces 
have to be placed round the armature, and, consequently. 
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the four-pole machine must have Considerably more mag- 
netic resistance than a two-pole machine of equal size. 

The illustration. Fig. 95, shows the latest type of these 
dynamos, which are supplying current for the Blackpool 
Electric Tramway. They are each wound for a current 
of 180 amperes, and at 350 revolutions a minute their 
electro-motive force is 200 volts, which is found to be 

Fig. 97. 
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CBOMPTON DTNAJCO. 

sufficient for the working of the line. The field magnets 
are separately excited by a small dynamo of the type 
shown in Fig. 93, and the same size of armature, but in 
combination with Siemens field magnets, is used in the 
motors on the tramcars. Fig. 96 gives a perspective 
view of this motor. 

The dynamo and motor employed by M. Marcel Deprez 
in his experiments on the transmission of energy, also be- 
long to the class of machines under consideration, and 
should therefore be described in this place. But since 
the practical importance of these experiments renders it 
necessary to describe them in some detail, the author has 
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thought it best to defer the description of the machines to 
Chapter XII., where the subject is treated as a whole. : 
The core of the Crompton armature consists of a num- 
ber of thin wrought-iron discs^ about 25 to the inch, 
smooth on the outside, but provided on the inside with 
three or mojre dovetail notches placed equidistantly ; and 
into the grooves thus formed radial bars are fitted, as 
will be seen from Fig. 97, which is a cross-section through 

Fig. 98. 




CROMPTON DTNAMO. 



a 21,000 Watt Crompton dynamo. Pig. 98 is a longi- 
tudinal section. The inner edges of the radial bars are 
fitted into grooves slotted out in the steel spindle, the cross^ 
section of which is triangular, so as to afford sufficient 
depth of grooves without weakening the central portion of 
the spindle. Each alternate disc is coated on both sides 
with insulating paint, and at stated mtervals fibre dis- 
tance pieces fixe inserted by which the core is subdivided 
into a number of comparatively narrow rings, the object 
being to afford passages for air through the body of the 
core to cool it, The^e divisions are shown in Fig. 9& 
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The field magnets are of the double horse-shoe pattern^ 
and consist of straight wrought-iron slabs bolted together 
tit the yokes, and attached to a cast-iron bedplate by gun- 
metal chairs. In the machine here illustrated, and in 
fact in all machines of lai^e size, the armature is wound, 
not with wire, but with square bars of copper. The elec* 

Fig. 100. 




OOOLDBN AND TBOTTBR DTHAMO. 

trical data of this machme, as given by ** The Engineer," 
are as follows : Core of armature 12 inches diameter, 2^ 
inches deep, and 28 inches long ; air space between core 
and pole pieces *47 inches ; core of field magnets 4^ inches 
thick by 24 inches wide ; conductor on armature 300 mils 
by 180 mils, wound over the core in 120 turns, and con- 
nected in the usual way to a 60-part commutator ; resis- 
tance of armature *021 ohms. The machine is intended 
for a current of 200 amperes, and at 450 revolutions the 
electro-motive force is 110 volts. Fig. 99 shows the 
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arrangement adopted by Messrs. Crompton for driving 
these dynamos direct by Willans' high-speed engines. To 
get the centre of rotation low, a point of importance in 
ship lighting, the dynamo is placed horizontally as shown 
in these illustrations, but where there is sufficient over- 
head room a vertical arrangement may be used. 

The Goolden and Trotter Dynamo^ shown in Fig. 100, 
differs from the original Gramme machine only in its more 
substantial mechanical design. The side pieces of the 
frame are made sufficiently heavy to serve as efficient 

Fig. 101. 




OOOLDEN AND TBOTTEB ABMATURE. 



yokes, and the armature core, which consists of charcoal 
iron discs, is secured in gun-metal arms, by which the 
driving power is transmitted to the core in a positive 
manner. The copper winding, however, is held by fric- 
tion only, Mr. Trotter being of opinion that an attach- 
ment by friction pure and simple is perfectly reliable.^ 
The complete armature is shown in Fig. 101. 

The Andrews dynamo is remarkable for a peculiar 
method of connecting up the coils. It is a four-pole ma- 



^ See *< Ftooeedings of Institution of Civil Engineers, Session 1885-86." 
Disciumon on the author's paper on << Dynamos." 
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chme with two brushes only, but diametrically opposite, 
and therefore equipotential points of the conductor are 
not connected in the usual way so as to split up the wind- 
ing into four parallel circuits £rom which double the cur- 
rent can be obtained. In this case the connections are 
made in such a way as to obtain the same current, but 
double the electro-motive force. The difference will best 
be understood by reference to Fig. 102, which shows both 

Fig. 102. 




systems side by side, that on the left being the coupling 
for quantity, that on the right the coupling for tension* 
Inilie latter system an uneven number of coils must be 
employed, generally fifty-nine, but for clearness of illus- 
tration only eleven are shown. One end of each coil is 
connected to its commutator-plate and the other to the 
wire connecting the opposite coil with its communtatoi:- 
plfite. Thus the front end of 1 is connected to the back 
end of 2, and to plate 2 of the commutator, the front end 
of 2 is connected to the back end of 3, and to plate 3, and 
so on, the last connection being the front end of 11 to the 
back end of 1 and to plate 1. The current entering the 
armature at the negative brush, where it touches plate 6, 
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splits into two circuits, one going round coil 6, up on the 
outside of the armature, the other round coil 5, down on 
the outside of the armature. The former current goes 
successively up in 7, 8, and 9, leaving the armature at 
plate 10 by the positive brush, whilst the latter goes suc- 
cessively down in 5, 4, 3, 2, 1 and 11, leaving the ar- 
mature also at plate 10. K there were 59 coils the 
current would go similarly up in 28, and down in 31 
coils, and by following the direction of the current in the 
diagram it will be seen that it is the same as the electro- 
motive force induced in each coil — ^in other words, that the 
electro-motive force created by one pair of poles is added 
to that created by the other pair. 

The author's dynamo, intended for very low speeds, is 
shown in the perspective illustration (Fig. 103), coupled 
direct to a double-acting twin-engine. The core of the 
armature consists of iron wire coiled upon a supporting 
cylinder of gun metal, which in its turn is keyed to the 
spindle by two sets of arms. The cylinder is provided 
with flanges partly for the purpose of stiffening it, and 
partly for the purpose of subdividing the body of the 
core into a number of comparatively narrow rings. The 
surface of the cylinder is perforated, and air can enter 
thxougii the perforations into the annular spaces formed 
between adjaoent tiasugm^ and escape at the outer peri- 
phery, since the latter is not completely covered by 
the external coils. The flanges are provided with radial 
extensions or ** driving horns," which are tipped with 
fibre ferrules, and enter between the external coils for 
the purpose of transmitting the driving-power to the 
copper conductor in a positive, mechanical manner. This 
precaution is the more necessary as at the low speeds em- 
ployed the field must be exceptionally strong in order 
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that the desired electro-motive force may be produced, 
and the stronger the field, the greater is the magnetic 
drag exerted by it on the armature wire. In many 

Fig. 104. 




KAPP DYNAMO. 



machines the friction produced by the external binding- 
hoops is alone reUed on to carry the wires through the 
field ; but experience has shown this to be insufficient. 
Even if the wires are not bodily torn off" the armature by 
the magnetic resistance of the field, they shift and work 
on the surface of the core ; and it is only a question of 
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time when the insulation will be destroyed, and the 
machine break down. 

Fig. 103 shows a type of field magnets which has 
been chosen with a view to obtain a maximum magnetic 
efiect with a minimum weight of material. Where a 
reduction of weight is not of paramount importance the 
author employs a single horse-shoe magnet of the type 
shown in the table at page 100. The dynamo here 
illustrated gives a current of 170 amperes, at a pressure 
of 110 volts when worked at 340 revolutions a minute. 
Its weight complete with engine and base-plate is 3 tons 

The author's high-speed dynamo for belt-driving is 
shown in Fig. 104, Its armature is constructed on the 
same principle as that above described, but the field 
magnet is difierent. It is a single horse-shoe with cylin- 
drical limbs of soft wrought-iron, the cast-iron bedplate 
forming the yoke. The upper end of each core is turned 
to a cone on which is fitted a cast-iron pole piece, intimate 
contact between the two being secured by the pressure of 
the top screw eye-bolt forcing the pole piece well on to 
the cone. As results from the theoretical considerations 
in Chapter IV., the single horse-shoe magnet requires less 
wire, and a smaller expenditure of exciting energy than a 
double horse-shoe magnet. 

Amongst the armatures with toothed core, the oldest is 
Professor Pacinotti's. A more recent form, viz., that 
devised by Mr. Brush, must also be reckoned to this 
type ; but since both these have already been illustrated 
and described in another voliune of this series,^ it will be 
best to pass them over, and describe one or two of the 
latest cylinder machines with toothed core. 

^ The specialist Series. Magneto and Djnamo Electric Machines. 
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The core of the ** Phoenix " dynamo is built up of 
toothed wrought-iron discs, held together by bolts, C C, 
(Fig, 105), which project on each side, and serve also for 
attachment to the spindle by means of two gun-metal star 
wheels. The discs are insulated from each other, and also 
from the bolts. In a machine for an output of 42,000 
watts, the core of the armature is 22^ inches in external 
diameter, 9 inches long, and 4|- inches deep radially. 
The notches form forty-two longitudinal grooves, each 
containing two coils side by side. The conductor is a 

Kg. 105. 



^SS#«%22^ 



cable containing fifty 48 mils diameter wires, which is, of 
course, more flexible and easier to wind than a solid wire 
of the same sectional area. At 500 revolutions a minute 
the electro-motive force is 110 volts, and the current 
380 amperes. The field magnets are of the double horse- 
shoe type, and the cores consist of bars of soft iron, 
9 inches square, and 7 feet 6 inches long. Heating of 
the pole pieces is prevented by making the clearance 
between the teeth of the armature and the surface of the 
polar cavity sufficiently large, also by employing a com- 
paratively large number (forty-two) of teeth, thus mini- 
mizing the magnetic reaction of each tooth on the pole 
pieces. Fig. 106 shows a perspective view of this 
machine. 
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The Reckenzaun motor has double horse-shoe magnets 
of wrought iron, in shape somewhat resembling De Men- 
tens' arrangement, shown in the table at page 100. The 
core of the armature is composed of wrought-iron links 
(Fig. 107), with projections, ty which approach closely to 
the polar surfaces of the field magnets. The links are 

Fig. 106. 




PHCBNIX DTNAllO. 



stamped out of thin soft sheet iron, and are connected into 
a kind of chain by means of the bolts, by which extend 
throughout the length of the armature, and serve at the 
same time for attaching it to two gun-metal star wheels by 
which it is keyed to the spindle. It will be noticed that the 
ventilation of an armature core of this form is very perfect, 
and the Reckenzaun armature has this further advantage 
— ^that, by drawing out one of the bolts, the core can be 
opened out into a straight line, thus greatly facilitating 
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the winding of the coils, c. When all the coils are 
wound, the two ends of the link chain are brought to- 
gether, and secured by their bolt, when the armature is 
ready to be attached to the spindle. Owing to its pecu- 
liar construction this motor is extremely light, as compared 
to the power it can develop. In regular work about one 




rbckbnzaun's asmatube. 

horse-power can be obtained for every 60 lbs. of total 
weight of motor. The following table, abstracted from 
a paper by Herr Zacharias, in the ^^ Elektrotechnische 
Zeitschrift" of January, 1886, contains the results of 
dynamometric experiments made with a Reckenzaun 
motor of 124 lbs. total weight. This motor is illustrated 
in Fig. 108. 
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Reckenzaun Motor {total weight 124 lb.). 



Berolutions per 




Electro-motive 


Brake 


Minute. 


Current. 


Force. 


Horse-power. 


1356 


251 


110 


1-85 


1458 


22-4 


110 


1-72 


1594 


19-2 


110 


1-59 


1782 


16-5 


109 


1-45 


1938 


13-3 


110 


1-23 


2092 


10-0 


110 


1-14 


1484 


25-9 


122 


2-20 


1751 


22-2 


122 


1-94 


1856 


190 


122 


1-86 


1980 


16-0 


122 


1-60 


2105 


13-1 


123 


1-49 


1730 


25-2 


135 


2-36 


1806 


21-2 


134 


2-13 


1936 


19-2 


133 


1-94 


2078 


16-0 


133 


1-76 



These motors have been largely applied to the propulsion 
of electric launches and electric tramcars. 

The armature core of the Victoria DynamOy a longi- 
tudinal section of which is shown in Fig. 109, consists of 
a wrought-iron ring upon which is coiled a spiral of No. 
30 B. W. G. charcoal iron tape^ the convolutions being 
insulated jfrom each other by a tape of equal width of in- 
sulating paper coiled together with the iron tape. About 
one-seventh of the gross area of the core is occupied by 
this insulation. Although the iron tape is excessively 
thin, there is still a tendency to heat, which can only be 
explained by the circumstance, that on the outer peri- 
phery, where the lines of force are at right angles to the 
axis, they pierce the tape on its broad surface, and thus 
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cause it to become hot. To mitigate the evil radial 
grooves are turned into the core from the outside^ thus 
subdividing the wide tape into a number of narrow strips. 
The core is supported by five gun-metal arms^ each arm 
consisting of two halves^ which are clamped together hj 
screw-bolts^ and to make the fastening more secure, slots 
are cut out of the wrought-iron ring and part of the core 
into which the extremities of the arms enter. In the 
dynamo here illustrated the core contains 7*8 square 
inches of iron in cross-section, and it is wound with 60 
coils of 165 mils wire, each coil consisting of 6 turns. 
Total number of turns 360. The machine gives a current 
of 150 amperes at 75 volts pressure when running at 800 
revolutions a minute. 

The Gulcher Dynamo is very similar to the Victoria 
in general arrangement, but differs from it in the way the 
core of the armature is constructed. In the " Gulcher," 
which is the earlier machine of the two, the core consists 
of a malleable iron ring of H-section, provided with ex- 
ternal Pacinotti projections, which, for purposes of venti- 
lation, are perforated. Flat iron washers are laid on either 
side of the central web, between the top and bottom 
flange of the H-shaped ring, which are kept a small dis- 
tance apart by insulating pieces, and are also perforated 
to admit air to the interior of the core. In this arrange- 
ment those lines of force which enter the core in a direc- 
tion more or less parallel to the spindle, pierce the iron 
washers on the broad surface and cause them to heat. 
To remedy this evil, the original design has been altered 
by employing a ring of T-section, the head of the T being 
directed towards the centre, and iron tape being coiled on 
either side of the middle web. When the winding of the 
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tape is completed, the outer periphery of the core is 
turned in a lathe to a semicircular section. In this 
manner only the edges of the iron tape, but not its broad 
surface, are presented to the lines of force, and thus heat- 
ing is avoided. 
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paratiye Estimates for Horse Traction and Electric Traction. 

The discovery of the principle that mechanical energy- 
may be transmitted over considerable distances by the 
employment of two dynamo machines and a conductor, is 
commonly ascribed to M. Hippolyte Fontaine, who has 
in a recent pamphlet ^ given a detailed account of the 
way he was led to make the invention. Since the 
matter is now of historical interest, an abbreviated trans- 
lation of M. Fontaine's account is here given. M. Hip- 
polyte Fontaine says : — 

" On the 1st of May, 1873, the International Exhibi- 
tion in Vienna was formally opened, although the ma- 
chinery hall, which was as yet incomplete, remained 
closed until the 3rd of June. I was engaged with the 
arrangement of a series of exhibits, then shown for the 
first time in public. There was a Gramme dynamo for 
electro-plating, capable of delivering 400 amperes at 



^ " Transmissions Electriques," by Hippolyte Fontaine. Baudry & C**, 
Paris, 
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25 volts, a magneto machine which I intended to work 
as a motor from a primary battery, or from a Plaute 
accumulator, in order to demonstrate that the Gramme 
dynamo is reversible. There was also a steam-engine of 
my invention arranged for coke firing, and a small motor 
of the same type, but arranged for gas-firing ; a centri- 
fugal pump, which was intended to feed an artificial 
waterfall, and numerous other exhibits. To vary the 
experiments, I had arranged the puilip so that it could 
receive motion either from the Gramme magneto machine 
or from my steam-engine. On the 1st of June it was 
announced that the machinery hall would be formally 
opened by the Emperor on the 3rd, at 10 a.m. Nothing 
was then in readiness, but those who have been in similar 
situations know how much can be got into order in the 
space of forty-eight hours just before the opening of an 
exhibition. In every department members of the staff, 
with an army of workmen under their orders, were busy 
clearing away packing-cases and decorating the spaces 
allotted to the different nations. The staff* visited all the 
exhibits in order to determine which of them should be 
selected for the special notice of the Emperor. 

"M. RouUex Duggage, the French Commissioner, asked 
me to set in motion all the machinery on my stand, and 
on the 2nd of June I was so far ready as to get the 
steam-engines, the plating dynamo, and the centrifugal 
pump to work. I failed, however, to get the motor into 
action, either from the primary or from the secondary 
battery. This was a great disappointment, especially 
because it prevented my showing the reversibility of the 
Gramme dynamo. It puzzled me the whole of the even- 
ing and ensuing night to find a means to accomplish my 
object, and it was only in the morning of the 3rd of June, 
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a few hours before the exhibition was to be opened, that 
the idea struck me to work the small machine by a de- 
rived circuit from the large machine. Since I had no 
cable, I applied to the representative of Messrs. Manhes, 
of Lyons, who was kind enough to lend me a small quan- 
tity ; and when I saw that the magneto machine when 
coupled to the plating dynamo was not only set in 
motion, but developed so much power as to throw the 
water from the pump beyond the reservoir, I added more 
cable until the flow of water became normal. The total 
length of cable in circuit was then over two kilometers, 
and this great length gave me the idea that by means of 
two Gramme machines it would be possible to transmit 
mechanical energy over long distances." 

Another version of this discovery, as given by M. 
Figuier, is that it was purely accidental. He says that 
at the Vienna Exhibition in 1873 the Gramme Company 
had two machines exhibited. One machine was in motion 
and the other was standing still. A workman noticed 
some cable ends trailing on the ground, and thinking they 
belonged to the machine which was standing, placed 
them in its terminals. To the surprise of everybody the 
machine immediately began to turn of its own accord, and 
then it was discovered that it was being worked by the 
current from the other machine. 

Whichever of these two versions may be the true one, 
it is certain that the electric transmission of energy was 
known at least as early as 1873, but there is reason to 
believe that the idea is even older. Dr. W. Adams, in 
his paper ^* On the Evolution of the Electric Railway," ^ 
states that in 1840 one Henry Pinkus obtained from the 

^ Read in 1884 before the Society of Civil Engineers, America. 
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United States Patent OflSce provisional protection for his 
invention of an electric railway. The power was to be 
obtained from an electric motor — placed on the car — and 
set in motion by the current obtained from huge batteries. 
Since the latter were supposed to be buried in the ground 
the current must have been led to the car over some 
distance, and Dr. Adams says that the principle of the 
transmission of the current to the car while in motion for 
the purpose of effecting its propulsion, was the .same as 
that used nowadays. 

Thus we see that the earliest attempts at electric trans- 
mission of energy were made in combination with the 
problem of electric locomotion, and the following is a 
brief summary of the various stages the invention has 
passed through, as given by Dr. Adams. For fuller 
particulars the reader is referred to the paper already 
mentioned. 

The first electric motor for producing rotary motion 
direct — as distinguished from the earlier "electric engines," 
which had a reciprocating action — was that invented 
in 1833 by Professor Henry in America. This motor 
was but a toy, but shortly afterwards Davenport in 
America, Professor Jacobi in Bussia, Davidson in Scot- 
land, and Little in England constructed motors of con- 
siderable size. Amongst these the best-known is Jacobi's 
motor, as applied to the propulsion of a boat on the 
Neva in 1839. In this instance the motive power was 
furnished by a primary battery, and the motor developed 
about two horse-power. In 1845 Professor Page invented 
a new form of electric engine based on the axial force of 
electro-magnetism, and a few years later he proposed the 
use of this engine for the propulsion of railway trains. 
The idea gained public favour, and Congress actually 



Digitized 



by Google 



EARLY ELECTRIC RAILWAYS. 283 

placed the sum of £6,000 at the disposal of Professor 
Page for the purpose of practically developing the inven- 
tion. In 1851 an. electric locomotive was built and 
employed to draw a train of cars between Washington 
and Bladensburg, a distance of five miles. The speed 
obtained was 19 miles an hour, but since the current was 
furnished by batteries, the working expenses were so 
great as to preclude the possibility of commercial success. 
It was only after the discovery of the dynamic principle 
by Varley, Siemens, and Wheatstone that electric rail- 
ways and, indeed, any form of electric transmission of 
energy, became commercially possible. The idea of 
generating electricity at a fixed point by dynamo- 
machines and conveying the current through conductors 
and sliding contacts to the car whilst in motion, was first 
put into practice by Siemens in 1879, and this system 
forms to the present day the basis of all electric railways 
operated direct from the generating dynamo. 

After this short review of the history of electric loco- 
motion it will be opportune to cast a rapid glance over 
the earliest examples of electric transmission between two 
fixed points. As was already stated, the first of these 
experiments dates back to 1873. These, however, were 
experiments only, undertaken to demonstrate the idea at 
the Vienna Exhibition. In 1879 we find one of the 
earliest practical applications of the new invention under- 
taken by MM. Chretien and FeUx at the sugar works 
in Sermaize. The manufacture of beetroot sugar can 
only be carried on during a small portion of the year, and 
for the rest of the time the machinery remains idle. It 
was thought advantageous to utilize the steam-engine at 
the works during slack time for ploughing the fields 
round about the factory, and if this should prove success- 
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fill, to extend the system to other kinds of agricultural 
work. A Gramme dynamo in the factory was set in 
motion by the steam-engine there, and the current was led 
by insulated cables to the field to be ploughed, a distance 
of about half a mile. The ploughing tackle was arranged 
in similar manner to that in use for steam ploughing, but 
instead of the two steam-engines at opposite sides of the 
field, trollies, each provided with two Gramme dynamos 
and suitable gear, were employed. Each trolly was pro- 
vided with the usual cable drum, and the plough was 
drawn backwai*ds and forwards across the field by a steel 
wire-rope coiled and uncoiled alternately on these drums. 
Thus it was only necessary to switch the current into one 
or into the other set of dynamos on the trollies to produce 
the to-and-fro motion of the plough. After each set of 
furrows was completed the trollies were advanced by an 
equal distance until the whole length of the field was 
ploughed. The forward motion of the trollies was efiected 
by the power of the motors, suitable gear having been 
provided for that purpose. The speed of the plough was 
55 feet a minute, and the work was done at the rate of 
200 square feet a minute. This performance is about 
equal to that which could have been obtained with a 5 to 
6 horse-power Fowler steam-tackle. 

At the same works, M. Felix installed in 1878 an elec- 
tric chapelet-lift for discharging the beetroot from the 
vessels, by which means a saving in labour of 40 per cent, 
was effected. A similar but larger lift has recently been 
erected at Soissons in France, which is capable of dis- 
charging 500 tons of beetroot in twenty hours. 

The early example set by M. Felix has been largely 
followed in France, where a considerable number of elec- 
tric cranes and hoists have been erected. To mention 
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only a few of the more important examples, the cannon 
foundry at Bourges was provided in 1882 with an electric 
foundry crane capable of lifting 20 tons. It is worked by 
a 12 horse-power Gramme motor, the current being sup- 
plied by a Gramme dynamo, situated 330 yards from the 
crane, and requiring 20 horse-power when the maximum 
load is being raised. A second crane capable of raising 
40 tons is now being constructed for the same works. A 
30-ton foundry crane in the works of M. Joseph Farcot, 
which was originally designed for hand labour, has been 
fitted with electric gear, and the lifting speed is from 
three to four times as great as was formerly the case when 
the crane was worked by ten men. To provide against 
accidents, an automatic apparatus is introduced which 
interrupts the current when the load exceeds 30 tons. 
The commercial efficiency of the system — that is, the 
ratio of the work done in lifting the weight to the work 
required to set in motion the generating dynamo — ^is stated 
by M. Fontaine to be 38 per cent. 

For ventilating mines and buildings, electric trans- 
mission of energy has been largely used. Electro-motors 
are, indeed, specially applicable for working fans, since, 
on account of the high speed equally required by both, 
the motor can be coupled direct to the axis of the fan. 
An early example of this kind of work is the installation 
at the Blanzy mines made by M. Mathet. There a fan 
of 2' V diameter, and 12'^ wide, is placed at the bottom 
of the pit, 540 yards below the surface, and is worked 
direct by a Gramme machine, the current being supplied 
by a similar machine on the surface worked by a 10 horse- 
power portable engine. The cost of the installation, ex- 
clusive of that of the portable engine and of the fan, was 
£160 ; and M. Mathet estimates that to do the same 
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work by pneumatic transmission would have cost £580, 
apart from the fact that, on account of the lower 
efficiency, a much larger portable engine would have 
been required. 

Amongst later examples of ventilating by electricity- 
may be mentioned the Hotel de Ville in Paris, where 
35 fans, each provided with a small electro-motor, are 
distributed throughout the building. The current is 
supplied by two Gramme dynamos, each capable of de- 
livering 50 amperes at 110 volts pressure. Either one or 
both of these generators may be used. Their speed is 
1,250 revolutions a minute ; and that of the fan motors, 
which are of different size, varies from 1,450 to 1,750 
revolutions a minute. The current is distributed from a 
central switch-board, so that all the 35 fans can be con- 
trolled from this point. 

A similar installation has recently been fitted up in the 
Ecole Centrale in Paris, but since there the fans are 
coupled to the motors by means of belts, special apparatus 
had to be employed to give warning to the engineer in 
case one of the belts should come off. This is done in the 
following manner: — In each motor circuit there is in- 
cluded an electro-magnet, the armature of which can 
assume three positions — the one ^home against the core 
when contact is made, and the normal current passes ; 
the other right off, when an alarm-bell is put into circuit ; 
and the third midway between these extreme positions, 
when no current passes. The armature is held in tHe 
middle position by a catch. A spring tends to draw the 
armature away from the core, but with the normal current 
the electro-magnet is sufficiently strong to keep the 
armature on. Should, however, a belt fly off, then the 
motor will begin to race, whereby the current will be re- 
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duced, and the attractive power of the electro-magnet 
will become weakened so far as to allow the spring to pull 
the armature oiF. This breaks the circuit of that parti- 
cular motor, and rings the alarm-bell, thus calling the 
attention of the engineer to the fact that one of the venti- 
lators is out of action. 

It has been proposed by Professors Ayrton and Perry 
to estabUsh electric ventilators at different points in the 
tunnel of the Metropolitan Railway, the current to be 
generated at some distant point where the nuisance of a 
stationary steam-engine would be far less objectionable 
than the fumes at present emanating from the stations 
and blow-holes along the line. The foul air was to be 
discharged from the ventilators by pipes passing through 
water-tanks. 

Amongst other applications of electric transmission of 
energy, may be mentioned the pumping arrangements in 
use since 1883 at a mine in Thallern, in Austria. Pre- 
viously to the introduction of electricity, a 6 horse- 
power portable engine, placed at the bottom of the pit, 
was employed to work a centrifugal pump delivering 
66 gallons a minute through 850 yards of tubing to a 
height of 200 feet. Now the engine has been replaced 
by an electro-motor, the current being supplied by a 
dynamo on the surface, wjiich gives a current of 15 
amperes at a pressure of 500 volts. Thi& represents an 
electrical energy of 10-2 horse-power, and allowing 80 
per cent, for the commercial efl&ciency of the generator, 
the total energy expended comes to 12-8 horse-power. 
The energy represented in water lifted is 4 horse-power, 
if we do not count friction in the tube ; including friction, 
it probably amounts to over 6 horse-power. The com- 
mercial efficiency of the installation, including the two 
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dynamos and the centrifugal pump^ is therefore about 50 
per cent. 

Examples of this kind could be multiplied to any ex- 
tent, as can be seen at a glance by looking through the 
volumes of " The Electrician " and other periodical litera-f 
ture for the last few years ; but, strange to say, most of 
this class of work has been done abroad. In England it 
is not so much the transmission of energy between two 
fixed points, as the special application of electric trans- 
mission in connection with railways and tramways, which 
has received the greatest development. The rest of this 
chapter is therefore devoted to a more detailed descrip- 
tion of some examples of electric locomotion carried out 
in this country ; whilst the following and last chapter 
contains an account of the experiments of M. Marcel 
Deprez in France, concerning the electric transmission of 
energy between two fixed points. 

Generally speaking, electric propulsion of carriages can 
be efiected in one of two ways. We may either place 
batteries on to the car, and thus carry the source of 
energy along with it ; or we may employ a fixed source of 
energy, and transmit the current to the car whilst in 
motion by means of a conductor and sliding contact 

For the sake of brevity we shall call the former the 
battery system^ and the latter the conductor system* As 
regards their respective merits, it will be evident that the 
conductor system has the advantage of a more direct 
action, since only two conversions are required between 
the energy developed by the prime mover, and that 
actually used in propelling the car. In the battery sys- 
tem the energy of the prime mover must first be con- 
verted into electrical, then into chemical, energy, which 
is stored in the battery, and finally it must be recon- 
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verted in the motor into mechanical energy. The inter- 
position of the battery between dynamo and motor must 
necessarily reduce the efficiency of the whole system, 
because we can never recover from the battery all the 
energy which has been put in. The extra weight which 
has to be carried is also a disadvantage. On the other 
hand, the loss of electric pressure occasioned by the re- 
sistance of the conductor may become very considerable, 
and the corresponding loss of energy may even exceed 
the energy which would be wasted in the battery. Thus 
the average resistance of the conductor at the Portrush 
Railway is 1 ohm, and when five cars are running distri- 
buted all over the line, requiring a total current of 200 
amperes at 250 volts pressure, the loss of energy amounts 
to 37 horse-power. The power actually required for five 
cars is 68 horse-power, and therefore the efficiency of the 

conductor, even if its insulation be perfect, is — — 

oo -f" 61 

= ^5 per cent. If we add to this the loss due to the im- 
perfect insulation of the line, which is dependent on the 
state of the weather, we find that in this case the con- 
ductor system is, after all, not more economical than 
would have been the battery system. The Portrush line 
is, however, an exceptional case, as the resistance of the 
conductor is rather great. In the Blackpool Electric 
Tramway the resistance of the conductor is only half an 
ohm, and the loss of pressure with six cars running— on 
the supposition that each requires an average of 18 
amperes — would be about 30. volts out of 200. In this 
case 15 per cent, of the energy is lost in the conductor. 
K this line were to be worked on the battery system the 
loss would probably be 10 per cent, greater. 

But there is another consideration besides efficiency 

u 
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which must be taken into account when deciding between 
the two systems. In some cases the application of a fixed 
conductor along the line and above ground is inadmis- 
sible on account of the other traffic which may pass over 
the road. Such a conductor would not only interfere 
with all other traffic^ but being always charged^ and 
being of necessity unprotected by an insulating cover- 
ings so as to allow for the sUding contact^ it would be 
a constant source of danger in our crowded streets. Mr. 
Holroyd Smith has overcome the difficulty by placing 
the conductor underground^ and a description of this 
arrangement will be given presently. Where batteries 
are used, each car is perfectly independent from aU the 
other cars, and this is a great advantage in working over 
a complicated net of tramroads. After this rapid com- 
parison between the two systems, we may sum up by say- 
ing that the conductor system is better for lines running 
across country, where an overhead conductor and high 
electric pressure can be used without difficulty, and the 
battery system is better for tramways within the crowded 
streets of a town. 

According- to the nature of the conductor, the electric 
railways can be further classified as follows : — 

1. The rails are used as conductors, one conveying the 
outflowing and the other the returning current. In this 
case the rails must be insulated from the ground, and at 
the joints special connecting pieces must be used. The 
car wheels are insulated from their axles. An example 
of this kind is the short railway erected by Mr. Magnus 
Volk on the beach at Brighton, and the line, Berlin- 
Lichterfelde. 

2. A separate conductor is used for the outflowing, and 
both rails are used for the returning current. The rails 
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need not be insulated from the ground, but special con- 
necting pieces must be used at the joints to insure good 
conductivity. The conductor may be above ground or 
under ground. Examples of this kind are the railways at 
Portrush, Newry, and Blackpool. 

3. Separate conductors are used for the outflowing and 
returning current. These are carried overhead on poles, 
and consist either of slotted copper tubes on surface rail- 
ways, or of angle iron on underground railways in mines. 
Examples of this kind are the railways at Modling, 
Berlin, Frankfurt, Zankerode mine, and others. 

4. Separate conductors are used for the outflowing and 
returning current. These are attached to poles, and so 
arranged as to form one single line, along which sus- 
pended trucks run. The only example of this kind is the 
Telpher line at Glynde. 

The Bessbrook and Newry Electric Railway was 
opened for traflSc in September, 1885. It is three miles 
in length, and was erected to facilitate the trafl&c between 
these two towns, which amounts to about 28,000 tons 
annually. The generating station is placed at about the 
middle of the line at Millvale, where ample water-power 
is available. A turbine capable of working up to M 
horse-power is used to drive two Edison-Hopkinson 
dynamos (see description on page 241), one of these being 
sufficient to work the traffic, the other being held in 
reserve. The pressure employed is 250 volts, and the 
current is conveyed along a channel iron conductor laid 
at the same level as the rails, and supported on wooden 
blocks, which are attached to the cross sleepers in the 
centre of the track. In a front compartment of each of 
the two passenger cars at present in use there is an 
Edison-Hopkinson dynamo acting as motor, and there is 
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a collector with contact sliding on the centre rail, both in 
front and rear of the car, in order to span the breaks at 
farm crossings and sidings, where the current is continued 
by means of an underground cable. At one point the 
line touches the public road, and since there the con- 
ductor on the surface would be objectionable, it is inter- 
rupted for a distance of 50 yards, and the gap is spanned 
by two overhead wires, supported on poles 15 feet from 
the ground, and a collector with sliding contact is fixed 
to the roof of the cars for the purpose of bringing the 
current to the motor whilst the car is on this part of the 
line. The passenger car, which performs at the same 
time the function of an electric locomotive, weighs 8 tons, 
and on the level attains a speed of 15 miles an hour. It 
is capable of accommodating 34 passengers, and of haul- 
ing at the same time a train of loaded waggons up an 
incline of 1 in 85, at a speed of 7 miles an hour. The 
gross weight of the whole train, including locomotive and 
passengers, is 26 tons, and the motor develops about 
25 horse-power. The steepest gradient is 1 in 50, and 
the sharpest curve has 150 feet radius, but at the two 
.termini there is a pear-shaped loop with a minimum 
radius of 5^ feet 6 inches. This arrangement obviates 
the difficulty of having to turn the cars on a turn-table at 
the end of each journey. The cars are 35 feet long, and 
run on double bogies, having a gauge of 3 feet, and the 
ordinary flanged wheels. The goods waggons have 
flangeless wheels, 3 feet 4^ inches gauge, and run on two 
flat rails placed outside of the car rails, and ^ inch below 
them. The car rails form thus a guide for the wheels of 
the goods waggons, and the latter can by reason of their 
broad flangeless wheels be at either terminus drawn off 
the track, and over the ordinary country roads. In the 
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first four months after the opening of the Ime, a total of 
25,000 passengers and 1,600 tons of goods was carried, 
and the total mileage was 5,200. 

In the Blackpool Electric Tramway^ which is two miles 
long, the conductor is placed underground and consists of 

Fig. 110. 




HOLBOTD SMITH UNDERGROUND CONDUCTOR. 

two semicircular channels of copper (Fig. 110), sup- 
ported by, but insulated from cast-iron chairs. The con- 
ductor is split up into two parts in order that any dirt or 
other foreign matter which might fall through the slot in the 
roadway should also fall through the space between the two 
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halves of the conductor instead of lodging on it^ as would 
be the case if a single conductor were placed directly 
under the slot. The collector consists of a steel frame 
narrow enough to pass through the slot and of contacts 
sliding along the underground conductor. The contacts 
are insulated from the steel frame, and are in electrical 
communication with a clip teiminal on the car bj means 
of an insulated cable. Light leather straps serve to draw 
the collector along in the slot. Should an obstruction 
occur in the slot or in the conductor of so serious a 
nature that it cannot be brushed away by the passage of 
the collector, the latter is arrested and the leather straps 
break. The strain next comes on to -the insulated cable, 
which is thereby drawn out of the clip terminal, and thus 
the current is interrupted and the car comes to rest. In 
this manner the attention of the driver is called to the 
obstruction, which then can be removed by hand. From 
the terminal at the under-side of the car the current is 
led through a variable resistance and a reversing switch 
to the motor, and returns through the wheels to the rails, 
and along them back to the generating station. At first 
the motors were shunt-wound, so as to avoid racing when 
the car was lightly loaded and running on a level part of 
the line, or heavily loaded and running down an incline. 
It has been explained on page 133 that the speed of a shunt 
motor, when running light, can never exceed a Certain 
limit, whereas a series motor may, under the same condi- 
tion, assume a dangerously high speed. On purely 
theoretical grounds shunt motors are, therefore, more 
suitable for tramway work. But a serious practical diffi- 
culty was soon encountered. It arose from the uncer- 
tainty of electrical contact between the wheels and the 
rails. When a current of electricity has to pass through 
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two pieces of metal in contact, the first condition is that 
the surfaces should be clean, and that is precisely the 
condition which cannot always be fulfilled in a tramway 
exposed to the weather, and overrun by other traffic. It 
would thus occasionally happen that the current was 
interrupted for a very short time, perhaps only a fraction 
of a second, but the interval was sufficient to cause the 
field of the motor to lose its magnetism. The conse- 
quence of this was, that when contact was restored and the 
current began again to flow, the armature was not able to 
offer any counter-electro-motive force, and an abnormal 
rush of current took place before the field magnets had 
had time to again ^become excited. It will be noticed 
that the injurious effect here described will be the greater 
the lower the resistance of the armature — that is to say, 
the more efficient the motor, the more will it suffer from 
an occasional interruption of current. Since it was 
impossible to absolutely avoid these interruptions, the use 
of shunt motors was discontinued, and series motors were 
substituted. In a series motor the intensity of the field 
and, therefore, the counter-electro-motive force of the 
armature are at once restored when the current begins to 
flow, and no abnormal rush of current can take place. 
To prevent racing when lightly loaded, variable re- 
sistances placed below the platform at either end of the 
car have to be used. These resistances are also employed 
for regulating the speed when the motor is doing a fair 
amount of work. The use of artificial resistances — ^in this 
case a necessary adjunct of the system— entails, of course, 
some waste of energy, and in this respect Mr. Recken- 
zaun's method of varying the power by a combination of 
motors is preferable. The motors — one to each of the 
six cars now in use — are 6 horse-power nominal, but may 
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for a short time be worked up to 10 horse-power, the 
speed being 1,000 revolutions a minute. Each motor 
weighs 9 cwt. It is worked at an average speed of 800 
revolutions a minute, and requires an average current of 
18 amperes at 200 volts pressure, or about 5 electrical 
horse-power, equal to 4 brake horse-power, to propel a 
car with 45 passengers on a level road. The direction of 
motion is reversed electrically by reversing the direction 
of the current through the armature, but not through the 
field magnets. In doing this the brushes are notshifted^ 
and the diameter of commutation remains always at 
right angles to the magnetic axis of the field. The 
brushes consist of small solid blocks of copper, pressed 
by springs very tightly against the commutator. All 
screws are of steel, and provided with lock-nuts to stand 
the vibration of the car without becoming loose. The 
armatures are 10 in. in diameter, and wound with a single 
layer of 63 mils wire, insulated with pure silk. The 
generators, of which there are two, placed in a generating 
station at about the middle of the line, are of the type 
described on page 262 and illustrated in Fig. 95. Each 
of these dynamos weighs 4 tons, and is capable of deliver- 
ing a current of 180 amperes at 300 volts pressure, when 
worked at a speed of 500 revolutions a minute. But 
since it was found that a pressure of 200 volts is sufficient 
to work the present traffic, the speed has been reduced 
to 350 revolutions a minute. The armature is 16 inches 
in diameter, and the field magnets, which are of the four- 
pole type, are separately excited by small dynamos (illus- 
trated in Fig. 93), for the purpose of being able con- 
veniently to alter the electro-motive force within certain 
limits, according to the requirements of the service. 
The Telpher Line at Glynde is an electric railway 
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about a mile long, acting automatically, without assis- 
tance of guard or driver, and intended for the conveyance 
of a continuous stream of light vehicles, suspended from 
and rolling on a single line of rails, which at the same 
time form the electric conductors. In the illustration 
(Fig. \\\\ M is the telpher locomotive, consisting of an 
electro-motor, chain gear, and driving wheels with india- 

Fig. 111. 




rubber treads, and also provided with two governors. 
One of these breaks the current when the speed attains a 
certain limit, and the other puts a brake on when the 
speed should, on a downward gradient, be still further in- 
creased. On either side of the locomotive there are 
placed 5 skeps, each weighing 101 lbs., and capable of 
carrying 250 to 300 lbs. of clay, and these skeps are kept 
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the right distance apart by connecting rods. The total 
length of the train, consisting in all of 11 vehicles, is 
exactly equal to the distance between two poles, and 
since the sections of the rail attached to the poles form 
alternately the out-and-home conductor, it follows that 
the first and last skep are at all times in contact with rails 
of opposite polarity. The current is collected at the two 
ends of the train, and conveyed along wires (not shown in 
the illustration) to the middle, where it works the motor, 
M. The arrangement of the circuit is shown diagram- 
matically in Fig. 112, where D is the generating dynamo, 
and Z, Ty X|, 7\, two trains, one up and the other down 
the line. The sections, Ai^ B^, A^ B^, A^, and so on, are 

Fig. 112. 
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connected together by cross-connections shown in dotted 
lines, and are also connected with the positive terminal of 
the dynamo, whilst the alternate sections, B^ A^y B^- A^ 
and so on, are similarly connected, and are also connected 
with the negative terminal of the dynamo. The con- 
ductor is formed of steel rods, ^ inch in diameter, 66 feet 
long between the poles, and placed 8 feet apart. The 
motor is regulated to run at a speed of 1,600 to 1,700 
revolutions a minute, the speed of the train being 4 to 5 
miles an hour. One train running backwards and for- 
wards will deliver 150 tons of clay per week, but as many 
as 20 trains can be run on the double line at the same 
time. To avoid in this case the risk of collision, the late 
Professor Fleming Jenkins, in conjunction with Pro- 
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fessors Ayrton and Perry, invented an automatic elec- 
trical block system, which is shown diagrammatically 
in Fig. 113. At certain parts of the Une the regular 
cross-over system is modified by inserting idle sections, 
A^y Bfiy through which the driving current is only trans- 
mitted if the switches, JST, JSTj, are closed. If the switch, 
Kif is open, a train arriving on ^5 ^iH stop for lack 
of current, and similarly, if ^ is open, a train arriving 
on B^ will stop for lack of current. On closing the 
switches, the trains will start again. These switches are 
worked, like the contact of an ordinary relay, by a small 
signal current sent back by a separate circuit, and 
operated automatically by the preceding train. One 
signal opens the switch, thus blocking the line ; the next 

Fig. 113. 
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signal closes the switch, thus again restoring communica- 
tion, and allowing the following train to come on. 

Amongst the Electric Railways worked on the battery 
system the most successful up to the present time is 
ReckenzaurCs Electric Tramcar. Very soon after the 
invention of the secondary battery attempts were made 
both in France and in this country to utilize its capacity 
to store energy for the propulsion of vehicles. These 
early attempts, however, failed, for two reasons. In the 
first place, the earlier forms of accumulators were very 
heavy in comparison to the amount of energy which could 
be obtained from them, thus necessitating the carrying of 
an enormous dead weight, which left very little margin 
for the paying load. They were also unreliable, gave 
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but a poor efficiency^ and were in many points mechani- 
cally defective. In the second place^ the gear employed 
to reduce the high speed of the motor to the compara- 
tively slow speed of the car-wheels was uncertain in its 
action^ and liable to derangements. At first belt-^ear 
was tried, but that failed when used on common roads, 
as might be expected of belts which have to work wet 
and dry, and always in a more or less muddy condition. 
Mr. Magnus Yolk, of Brighton, has adopted belt gear in 
his little electric railway laid along the beach in Brighton 
and is quite satisfied with it. He employs leather link 
belts in duplicate, and each belt can be tightened by a 
pulley supported on a lever which is under the control of 
the driver. Ordinary leather belts were tried at first, 
but were found quite unsuitable, even on this line, which 
is exceptionally clean. There is no experience how 
leather link belts will stand on a dirty road where 
ordinary belts fail. Next spur-gear and bevil-gear were 
tried. If the distances and relative positions between the 
centres of the geared wheels could be kept rigidly constant, 
such gear would probably answer very well ; but in a tram- 
car there is of necessity a certain amount of play between 
the axle-boxes and the body of the car, and the height of the 
car-frame above the centre of the axle is variable. There 
is about an inch difference when the car is loaded and 
when it is empty ; and along our ordinary tramroads, the 
vertical oscillation of the car may considerably increase 
this difference. It is difficult to arrange spur-gear to be 
sufficiently flexible to accommodate itself to these changes. 
Chain-gear is better adapted for the purpose, and has 
met with a fair amount of success in Brussels and Ant- 
werp. It is also used on many English lines. 

Mr, Beckenzaun employs worm-gearing, as will be 
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seen from Figs. 114 and 115, which represent his electric 
tramcar in elevation and plan. Two motors are used, 
each supported on, and forming part of a four-wheel 
bogie, which is in itself an electric locomotive, and quite 
independent of the body of the car. The weight of the 
latter is thus distributed over eight wheels, rendering it 
possible to run the electric car, notwithstanding its in- 
creased weight, over the ordinary tramroads. The bat- 
teries are placed on trays under the seats, and, when ex- 
hausted, can be withdrawn and replaced by a set newly 
charged in about the same time as it takes to change a 
pair of horses. To facilitate the operation, rollers are 
provided on which the trays run, and the latter are hauled 
in and out by means of a winch mounted on the trolly 
which brings the batteries up to the car. The object of 
using two motors to each car is partly to distribute the 
driving power to two axles without the necessity of rigid 
mechanical connections — which, in the case of bogie cars 
intended for roads where there are sharp curves would be 
very diflScult to arrange — and partly to obtain variation in 
speed without the wasteful device of introducing idle re- 
sistance into the electric circuit. It will be readily seen 
that by coupling the motors in series the electro-motive 
force available for each motor will be half the total 
electro-motive force of the battery, whereas if we employ 
only one motor, or if we place both motors into parallel 
connection, the total electro-motive force will be avail- 
able for each motor, and consequently the speed will be 
about double what it was in the former case. A com- 
pound switch is provided which enables the driver to make 
these variations in the coupling of the motors (viz., two 
in series, one only or two parallel) by means of a single 
handle. By means of another handle the direction of 
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motion is reversed. The car is provided, in addition to 
the usual hand-brake, with a very powerful magnetic 
brake, and with an automatic arrangement which puts 
this brake on if the speed exceeds a certain limit. 

A car built on this principle has lately ^ been supplied 
to the Berlin Tramway Company, and formed the subject 
of an interesting paper by Herr Zacharias, read in 
January, 1886, before the Elektrotechnischer Verein,^ in 
Berlin, to which the reader is referred for full particulars. 
Each motor weighs 420 lbs., or, both together, inclusive 
of the gear, about half a ton. The accumulators, with their 
trays and accessories, weigh 1^ ton. They have to be 
changed every two to four hours. The total weights are 
as follow : — 

Car, with motors, gear, and accumulators . 3*75 tons. 
46 passengers, conductor and guard . . 2*25 tons. 



Total . . . 600 tons. 

The tractive force required on a level average road is 
30 lbs. per ton, and at a speed of seven miles an hour this 
represents about 3^ horse-power work done. 

Herr Zacharias makes the following comparative esti- 
mate as regards the cost of horse traction and electric 
traction. He assumes that each car is actually in use 
from five a.m. until one a.m. — that is, for a period of 
twenty hours per day — and that it requires a change of 
horses every four hours. This gives five pairs of horses 
per day per car. 

A line worked by sixty cars would, therefore, require 
600 horses actually in service, and say ten per cent, 
mfore in reserve, or 660 horses in all. 

1 December, 1886. * " Elektrotechnische Zeitschrift," Jan. 86. 
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To work the same line on the battery system would 
require steam power up to 750 horse-power, and a pro- 
portionate amount of electrical plant as given below. 
The capital outlay becomes — 



I, For Horse Traction : — 

Horses. 
Harness and other gear . 

Total 

II. For Electric Traction :-^ 

Steam-engines . 

Boilers . . . "" . 

Dynamos 
140 sets of batteries . 

Cables and electric fittings 
Motors and gear 

. Total . . 



£28,512 
2,750 

£31,262 



£7,500 
4,000 
2,800 

12,600 
1,100 
6,000 

£34,000 



Thus the first capital outlay is for electric traction 
only slightly greater than for horse traction, and if we 
consider that the buildings necessary to accommodate 
steam and dynamo machinery of a total power of 750 horse- 
power are not so extensive, and do not cover as much land 
as the buildings reqtfired to accommodate 660 horses, the 
balance in the first outlay may probably be in favour of 
electric traction. The working expenses are certainly 
much lower for electric traction. Herr Zacharias esti- 
mates as follows : — 
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I. Working Expenses with Horse Traction : — 

Depreciation per horse per day . 0*4840 shillings. 
Fodder „ „ . 1-5720 „ 

Shoeing and attendance^ per horse 

per day 0-1613 „ 



Total . • 2-2173 „ 

Total for 660 horses and 365 days . • £26,707 
Renewal and repair of harness . . 723 



Total. . . . £27,430 

II. Working Expenses with Electric Traction: — 
Annual expenditure of energy, 6,570,000 
horse-power hours. 

Coal £6,570 

Depreciation of batteries, 20% . • » 2,520 

Depreciation of motors, 20% . . • • 1,200 
Depreciation of boilers, steam-engines, and 

dynamos, 10% 1,430 

Repairs, oil, acid, wages . . . . 1,180 



£12,900 



According to these estimates the annual working ex- 
penses of electric traction on the Reckenzaun system 
would only be about half as great as with horse traction. 
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CHAPTER XII. 

M. Marcel Deprez's Experiments — Palais de Plndustrie in 1881 — ^Munich 
in 1882— Paris, Grare du Nord, in 1883— Grenoble- Vizille, in 1883 — Paris- 
Creil, in 1885 — The Generator— The Motors — General Arrangement — 
RegTilation of Motors — Starting of Motors — Stopping of Motors — Auto- 
matic Safety Appliances. 

M. Marcel Deprez is one of the earliest pioneers in 
the electric transmission of energy. It has already been 
stated in the introductory chapter that although the 
invention of electric transmission is not due to him, his is 
the merit of having first attempted long-distance trans- 
mission on a practical scale. Ever since M. Hippolyte 
Fontaine exhibited an example of electric transmission of 
energy at the Vienna International Exhibition in 1873, 
scientific men and practical engineers have realized that 
the success of the system, when appUed to long distances, 
depends simply on the possibility to work with high 
electro-motive forces. If it be possible to construct 
generators and motors suitable for a pressure of several 
thousands of volts, and if the insulation of the line can at 
that pressure be maintained perfect, then the question 
is solved, and we shall be able to transmit economically 
and with certainty a considerable amount of energy over 
long distances. 

Whilst most electricians who investigated the subject 
rested content with a solution on paper only, M. Marcel 
Deprez had the courage to carry his investigations into 
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actual practice. It cannot be denied that his first ex- 
periments were, on the whole, failures, and even the latest 
example of transmission, that between Paris and Creil, is 
not altogether a success : but they are, nevertheless, very 
instructive, and show a gradual improvement, as will be 
seen from the following short history, arranged according 
to the date of these experiments. 

1881. Palais de F Industrie at the Paris Electrical 
Exhibition. 

The generator was a Gramme dynamo, the field m£^- 
nets of which were wound with two distinct circuits, one 
carrying a constant current from a separate exciting 
dynamo, also of the Gramme type, and the other being 
in series with the external circuit. This generator was, 
probably, the first compound machine made since that 
of Varley, though tiot compounded in the same way as 
Varley's machine, and not as we now understand the term. 
The current was distributed between various motors 
placed at different points in the building, all the motors 
being in parallel connection, and each motor could be 
started and stopped independently of the others. The 
motive power was furnished by a 4 horse-power gas- 
engine. No trials as regards efficiency were made, and 
the chief interest of the exhibit lay in this, that it was 
shown that the transmission and distribution of mechanical 
energy by means of electricity was not only possible on 
paper but an actual fact. 

On this occasion, in a paper read before the Congr^ 
International des Electriciens, M. Marcel Deprez gave 
it as his opinion that it would be possible to transmit 10 
horse-power over an ordinary telegraph wire to a distance 
of 30 miles, the energy expended at the generating station 



Digitized 



by Google 



EXPERIMENTS AT MUNICH. 309 

being 16 horse-power. To test the correctness of this 
statement^ the committee of the succeeding electrical 
exhibition in Munich invited him to show a system of 
transmission in actual work, and placed a telegraph line 
at his disposal. In consequence of this offer were under- 
taken the experiments of 1882 between Munich and 
Miesbach. 

The distance between generator and motor was 57 
kilometers, or about 35 miles, and since considerations i<x 
the public safety excluded the use of an earth return, 
the current had to traverse about 70 miles of telegraph 
wire in the out-and-home circuit. The resistance of the 
line was 950 ohms. It was intended to submit the in- 
stallation to exhaustive tests, which were to be made by 
the jury, but a series of accidents which happened to the 
machinery greatly interfered with any systematic inves- 
tigation. Finally, one of the brushes of the motor became 
loose and fell out, thus suddenly interrupting the current. 
The effect of this accident was to completely destroy the 
insulation of the machines, and no more tests could be 
taken. The few readings which were obtained previous 
to this mishap will be found on pages 71 and 72 of the 
official report of the Exhibition Committee, published in 
Munich in 1883, and from these figures it appears that 
the commercikl efficiency of the system was about 25 
per cent. The power applied at Miesbach varied be- 
tween 1*04 horse-power and 1'14 horse-power, and that 
recovered at Munich varied between 0*224 horse-power, 
and 0*259 horse-power. The average current was a little 
over half an ampere, and the pressure at the terminals of 
the generator was about 1,300 volts. The speed of the 
generator was 1,600 revolutions a minute, and that of the 
motor averaged about 700 revolutions a minute. 
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1883. Experiments at the Gave du Nord in Paris. 

For these experiments a special generator was con- 
structed, whilst the motor was a D Gramme machine, 
wound with fine wire, so as to be suitable for a high 
pressure. The generator was provided with two arma- 
tures, mounted one behind the other upon the same 
spindle, which revolved between the poles of two hori- 
zontal horse-shoe magnets. The yokes of these magnets 
were bolted to a cast-iron base-plate, and the cores were 
cylindrical and provided with polar extensions. The 
centre line of each pair of magnets was at right angles to 
the spindle. 

The generator and the motor were both placed in the 
same room, and their terminals were connected by two 
wires — one, a stout and short copper wire of practically 
no resistance, and the other a telegraph wire of galva- 
nized iron, 160 mils diameter, and about 10| miles long. 
This length of wire was obtained by carrying it out to 
Bourget and back again in a loop, the total resistance of 
the line being 160 ohms. It will be seen that this arrange- 
ment, although very convenient for taking simultaneous 
measurements at the dynamo and at the motor, is not 
exactly a representation of what is met with in actual 
practice. It has already been stated that one of the 
difficulties to be overcome in long-distance transmission 
is the proper insulation of the line. This difficulty is of 
course greatest where the dynamo and motor are placed 
at the two ends of the line, for then the pressure between 
the out-and-home circuit is that actually existing between 
the terminals of the generator. If, on the other hand, 
the machines are placed side by side, and connected by a 
short stout wire, which can easily be insulated, then the 
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pressure between the outgoing and returning loop of the 
telegraph wire is only that resulting from the resistance 
of that wire and the current flowing, and therefore much 
smaller than in the previous case. It should also be 
noticed that a short circuit between the two loops of the 
telegraph wire, instead of being fatal to the system, 
would only have the effect of reducing the resistance of 
the line, and thus make the efficiency appear higher than 
it really is. To exclude the possibility of such an error, 
the difference of potential between the terminals of the 
loop of telegraph wire was always taken simultaneously 
with the current, and by dividing the former by the 
latter, the actual resistance of the line at» the time of 
each experiment could be ascertained. The figures ob- 
tained were, with the exception of the last, fairly in 
accordance with the resistance of 160 ohms measured on 
the Wheatstone bridge, as will be seen from the table 
below. The measurements were made by a committee 
appointed by the Acad^mie des Sciences, and published 
in their report at length. The table here appended is a 
short abstract of this report, which will be found re- 
printed at full length in "La Lumi^re Electrique," 
t. xviii.. No. 45. 

Experiments at the Gare du Nord in 1883. 



Bevolutiong per 
minute. 


Pressure at Ter- 
minals in Tolts. 


Gorrent 
Am- 
peres. 


Actnal 
Resis- 
tance of 
line. 


Horse-power. 


Com- 
mercial 

effl. 
ciency 
percent. 


Qenerator. 


Motor. 


Generator. 


Motor. 


Ex- 
pended. 


Re- 
covered. 


378 
370 
860 
923 
850 
1,024 


104 
88 
602 
709 
643 
799 


722 
746 

2,086 
1,937 
2,338 


321 
355 

1,686 
1,479 
1,994 


2-39 
2-52 

2-52 
2-57 
2-50 


167 

155 



159 
179 
138 


3-888 
3-864 
9-771 

10-556 
9-514 

12-267 


0-578 
0-489 
3-344 
3-939 
3-572 
4-439 


16'1 
12-7 
34-2 
37-2 
37-5 
36-2 
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It will be seen from this table that in point of com- 
mercial efficiency a marked advance had been made over 
the Munich experiments. 



1883. Experiments at Grenoble and Vizille. 

The town of Grenoble^ situated in a mountainous dis- 
trict where water-power is abundant, but not easily ac- 
cessible, seemed to offer a very promising field for electric 
transmission of energy, and the next experiments were 
carried out between Grenoble and Vizille, over a distance 
of 8^ miles. The generator was installed at Vizille, and 
driven by a- turbine, whilst the motor was placed in the 
centre of the town of Grenoble. The arrangements 
adopted at the generating station permitted the power 
of the turbine to be sent either into the generator or into 
a brake dynamometer, where it could be measured. By 
keeping the working conditions, viz., head of water, open- 
ing of the turbine gates, and speed, the same in both 
cases, the power measured by the brake can be considered 
as equal to that supplied to the generator, equality of 
speed being obtained by properly loading the brake. The 
power received at Grenoble was also measured by a brake. 
In this installation the objections raised above with re- 
gard to the loop in one of the circuits cannot be urged, as 
any imperfection in the insulation of the line must have 
manifested itself in a falling off in the energy received, 
and, therefore, in the efficiency of the whole system. The 
circuit consisted of two wires of silicon bronze 80 mils 
diameter, the total resistance being 167 ohms. 

The trials were made, as before, by a commission ap- 
pointed for the purpose, and they have been published in 
** La Lumi^re Electrique," t. xviii.. No. 45 ; but their 
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practical value is somewhat impaired by the fact that, 
from the power supplied to the generator^ a certain deduc- 
tion had been made to allow for the friction in the gear- 
ing. Now, from a commercial point of view, this is not 
permissible, for some kind of gearing is necessary to get 
up the high speed which makes the system electrically 
efficient, and the loss of energy in the gear is a necessary 
factor in the generating station, and has to be paid for in 
Bome way or other. The figures given below are, there- 
fore, somewhat higher than the actual commercial effi- 
ciency. 

Experiments between Vizille and Grenoble in 1883. 



Bevolntions per 
minute. 


Electro-motive Force 
in Armature of 


Current 


Horse-power. 


Effi- 
ciency 










Am- 














peres. 


DeUvered 


Recovered 


per 


Generator. 


Motor. 


Generator. 


Motor. 


to 


from 


cent. 












Generator. 


Motor. 




724 


604 


1,788 


1,066 


2-25 


5-79 


2-75 


47-6 


810 


641 


2,163 


1,332 


2-59 


7-25 


3-65 


60-3 


915 


684 


2,480 


1,613 


2-70 


8-03 


4-67 


58-1 


960 


646 


2,736 


1,709 


3-20 


9-97 


6-88 


58-9 


• 1,000 


638 


2,960 


1,846 


3-47 


15-47 


6-53 


42-2 


1,050 


734 


2,992 


1,981 


315 


12-33 


6-68 


641 


1,140 


875 


3,146 


2,231 


2-85 


1118 


6-97 


62-3 



The highest electro-motive force developed in the 
armature of the generator was over 3,000 volts, as will be 
seen from the table, that at the terminals of the machine 
being about 2,960 volts. The maximum energy trans- 
mitted was close upon 7 horse-power. 

1885. Experiments between Paris and CreiL 

After the above brief historical sketch of M. Marcel 
Deprez's previous experiments, the trial which has just 
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been concluded on a line between Paris and Creil deserves 
a somewhat more detailed description. For a full account, 
the reader is referred to "La Lumi^re Electrique," 
t. xviii., Nos. 44, 46, 47, 48. 

The Generator. — The dynamo which generates the 
current is situated at Creil, and receives motion by means 
of a counter-shaft from two locomotive engines which were 
specially adapted for that purpose. The wheels have 
been removed, and the frame rests on special supports. 
Two large pulleys have been fitted to each locomotive, 
one on either end of the crank shaft, so that the driving* 
power is transmitted to the counter-shaft by four wide 
leather belts. From there it flows through four other 
belts to the generator, which is provided at either end 
with a double set of pulleys. The generator is of the typ^ 
shown in Figs. 116 and 117, and was specially constructed 
for the purpose. It has two armatures, each surrounded 
by eight magnet cores with s^mental pole pieces, the 
foiur above the horizontal centre line forming one pole and 
the four below that line forming the other pole. Each 
armature revolves, therefore, in a two-pole field, but each 
pole is produced by four distinct magnets. After what 
has been said in Chapter lY. about the resistance of the 
magnetic circuit, and the amount of wire necessary to 
excite single and multiple magnets, it will be evident that 
M. Marcel Deprez's arrangement of field magnets requires 
more copper and more electrical exciting energy than the 
ordinary single horse-shoe field, and is, therefore, the re- 
verse of an improvement. In our good modem English 
dynamos the energy required to produce the magnetic 
field seldom exceeds 5 per cent, of the total electrical 
energy of the armature, whereas in the dynamo just 
described, about 18 per cent, of the total energy is required 
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to maintain the magnetism of the fields as will be seen from 
the table below. The figures were communicated by 
M. Marcel Deprez to the French Academy on the 26th 
October, 1885, and refer to a preliminary experiment 
made at Creil, the generator and motor being placed side 
by side, and connected by a loop 70 miles long, in the 
same manner as in the experiments at the Gare du Nord. 
The looped conductor was a copper cable, equal in section 
to a solid wire of 197 mils diameter. 



Preliminary Experiments ^ Creil — La Chapelle — Creil. 



1 tures 3S ohms. 


First Experiment. 


Second Experiment. 


1 86 ohms. 

I Line 100 ohms. 


Generator. Motor. 


Generator. 


Motor. 


BeYolutions per minute . . . 
Internal ElectTO-motiye Force . 
Current 


190 248 170 
6,469 1 4,242 6,717 

7-21 7'Ql ! 7-9n 


277 

4,441 

7 20 

3-80 

43-40 
40-00 


Horse-power required to main- 
tain the Magnetic Field . . 

Electrical Horse-power in Arma- 
ture 


9-20 

63-59 
6210 


1 
3-75 1 10-30 

41-44 55-90 
36-80 61-00 


Mechanical Horse-power . . . 

Electrical Efficiency, per cent. . 
Commercial' Efficiency, per cent. 


77 1 78 ' 
477 ^ 53-4 



The mechanical horse-power delivered to the armature 
of the generator was measured by a White's transmission 



^ From the note presented to the Academy it is not quite clear how the 
efficiency was calculated. If we include the energy required to maintain 
the magnetic field in the calculation, the result is as follows : — 

^. . 35-80 — 3*75 

First experiment, gg-lO -f 9-20 ^ *^ "^"^ ^®^*' 

o J • . 4000 -- 3-80 ^^^ 

Second experiment, ^ ; ^ 50*7 „ 

^ ' 6100+10-30 '* 
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dynamometer ; that given out by the armature of the 
motor was measured by a Prony brake. 

The generator which will ultimately be employed at 
Creil is a somewhat larger machine than that which 
served for the above preliminary experiments. A very 
full description of it will be found in " La Lumiere Elec- 
trique,"'t. xviii., Nos. 46 and 47. Each of the sixteen 
magnet cores is a cylinder^ 10 in. in diameter and 23 in. 
long^ weighing 240 lbs. Each of the eight horse-shoes, 
consisting of two magnet cores and a cast-iron yoke, 
weighs 1,070 lbs. The exciting wire is 98 mils diameter, 
and about 35 miles of it are used for the 16 magnets, 
the total weight of copper being 5,700 lbs., or about 
24: tons. To facilitate the winding, and to render the 
insulation more perfect, the wire is wound on separate 
narrow reels, 12 such reels being placed on each of the 
16 cores. 

The core of the armature is built up of segments of soft 
sheet iron, each segment forming the eleventh part of a 
circle. These segments are held together by eleven in- 
sulated bolts, and. are supported at each end by a set of 
eleven gun-metal arms, cast in one piece, with a central 
hub, by which the armature is keyed to the spindle. Each 
of the two armature cores has a diameter of 52 in., and a 
radial depth of 2| in. ; it is 20 in. long. When wound 
with copper wire the external diameter of the armature is 
54^ in., and the internal diameter is 42 in. The wire is 
98 mils diameter, and the total length contained on each 
of the two armatures is 13,000 yds., weighing, inclusive 
of insulation^ 1,200 lbs. It is stated in the article above 
mentioned that this armature has, in a preliminary trial, 
developed an electro-motive force of 16 volts for every 
revolution per minute. Now the value of an armature 
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can be expressed by the relation which the electro-motive 
force bears to the total length of conductor if the arma- 
ture be run at a certain fixed circumferential speed.^ To 
make all armatures equally safe with regard to the action 
of centrifugal force, this speed ought to be the same in all 
cases, and the general practice in English machines of the 
drum or cylinder type is to allow about 3,000 ft. per 
minute as a safe maximum of circumferential speed. If 
we adopt this rule in the case of the armature just de- 
scribed, we find that it might safely be run at a speed of 
220 revolutions, when the electro-motive force developed 
would be 3,520 volts, being at the rate of 1 volt for every 
3'7 yards of armature conductor. It is, interesting to 
contrast with this figure the results obtained in the usual 
English and American practice. In the following table 
are given the numbers of yards of armature conductor 
required by various machines, all reduced to a circum- 
ferential speed of 3,000 ft. per minute. 

Yards. 

Edison-Hopkinson -510 

Manchester '970 

Crompton *a60 

Elwell-Parker, 2.pole 1-470 

Elwell-Parker, 4-pole 1*000 

Phoenix 1-160 

Goolden and Trotter 1-250 

Kapp -970 

Brush, high tension machine .... 2*220 

Thomson-Houston high tension machine . . 3*550 

Marcel Deprez . 3*700 

^ See the author's paper on << Modem Continuous Current Dynamos and 
their Engines," read before the Institution of Civil Engineers on the 24th 
of November, 1885, vol. Ixxxiii., part 1. 
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The Motors, — The current produced by the generator 
just described is to be utilized at La Chapelle to work 
two motors of the same type as the machine illustrated in 
Figs. 116 and 117, the only difference being that they are 
somewhat smaller, and that the field is produced by six 
instead of eight horse-shoe magnets. The core of each 
armature is 34^ in. diameter, 2| in. deep, and 16 in. long ; 
it is supported on seven double arms, and wound with 
6,300 yards of 98 mils wire. The total length of wire 
contained in the existing coils of the 12-magnet cores is 
27,500 yards. The wire is insulated with two servings of 
silk and one of cotton, and then varnished. 

Exciting Machines, — The generator as well as the two 
motors are separately excited, the former by a C C 
Gramme dynamo, and each of the latter by a C Gramme 
dynamo. The larger machine has two armatures 10 
inches in diameter and 7^ inches long, and at a speed of 
1,000 revolutions a minute it deyelops an electro-motive 
force of 210 volts. The smaller machines have each one 
armature only, of the same dimensions, and develop 105 
volts at the speed of 1,000 revolutions a minute, the cur- 
rent in both cases being 25 amperes. 

General Arrangement. — The generator has been de- 
signed for an internal electro-motive force of 7,500 volts, 
and a maximum current of 20 amperes.^ It will be kept 
running at a constant speed, and the intensity of its field 
will also be kept constant by maintaining the exciting 
current of the C C Gramme at the same value, whatever 
be the output of the generator. Beyond two centrifugal 
governors— one to each steam-engine — no other regulat- 

' Since the aboYe was written trials have been made, and then it was 
found that the strength of current which can safely be used is much 
smaller. 
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ing apparatus is^ therefore^ required at the generating 
station. The internal resistance of the two armatures of 
the generator in series is 20 ohms^ and the resistance of 
the main line is 100 ohms^ measured up to the point 
where the two parallel circuits are joined which carry 
the current to the two motors. The resistance of each 
motor circuity including it« armatures^ is 20 ohms. When 
in full work the pressure at the end of the mains is there- 
fore 7,500 — 120 X 20 = 5,100 volts, and the counter- 
electro-motive force of each motor is 5,100 — 20 x 10 
= 4,900 volts. When only one motor is at work, the 
current sent out from the generator is 10 amperes, and 
the pressure at the end of the mains is therefore 7,500 — 
120 X 10 = 6,800 volts, the counter-electro-motive force 
of the motor being 6,300— 20 x 10 = 6,100 volta To 
maintain the speed of each motor constant and indepen- 
dent of the other motor, it is only necessary to be able to 
vary its counter-electro-motive force between 4,900 and 
6,100 volts, which is done by varying the intensity of its 
field. This is accomplished automatically by an apparatus 
which works a rheostat of 20 ohms inserted into the cir- 
cuit of the exciting dynamo. The general arrangement 
of this apparatus is shown diagrammatically in Fig. 118, 
where E represents the exciting dynamo, T the rheostat, 
M a small magneto motor, which works the rheostat by 
means of a current derived from the exciting dynamo, 
and the direction of which is controlled by the reversing 
switch A Ay and I represents the exciting coils of the 
large motor. When the reversing switch stands in the 
position as shown in the diagram, no current passes 
through the armature of the magneto motor, and that re- 
mains at rest. But if the speed of the governor — ^which 
receives motion directly from the spindle of the large 
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motor — should rise, the balls fly out, and the contacts of 
the switch are dipped into the mercury-cups 1, 1 ; on the 
other hand, if the large motor runs below its proper 
speed, the balls of the governor drop, and contact is made 
with the mercury-cups 3, 3. A current is therefore sent 
through the magneto-motor in one or in the other direc- 
tion, causing it to work the rheostat, so as to insert more 
resistance when the large motor runs below its normal 
speed, and to withdraw resistance when it runs above its 
normal speed. The rheostat is also provided with a crank 

Fig. 118. 




REGULATOR. 



so as to be worked by hand if a rapid change of intensity 
of the field of the large motor be required. This is the 
case when it is desired to stop the motor, as will be ex- 
plained presently. 

The exciting dynamo receives motion from the motor, 
and once the machinery is started there is no difficulty in 
mmntaining the magnetic field of the motor. But when 
standing the intensity of the field falls to zero ; and if in 
this condition the current from the line were sent through 

T 
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the armatures of the motor, it would fail to produce rota- 
tion, that is to say, the motor could not start. For the 
purpose of starting it is therefore necessary to produce 
the magnetic field independently of the exciting dynamo, 
and this is done by allowing the line current to flow at 
first through the exciting coils of the field magnets, so 
that the motor acts for the time being as an ordinary 
series machine. As such it starts easily, and after it has 
attained a certain speed, the line current is gradually 
withdrawn from, these coils, and the current from the ex- 
citing dynamo is as gradually substituted, the whole 
operation being performed by the aid of a special com- 
mutator. It will be noticed that the subdivision of the 
exciting coils into many distinct sections greatly facili- 
tates the transfer of each coil from one circuit to the 
other. 

The problem, how to stop the motor without first stop- 
ping the generator presents, perhaps, the greatest diffi- 
culty. In a small installation, where only a low electro- 
motive force is employed, we would simply provide each 
motor with a switch and interrupt the current by the 
switch whenever we wanted to stop the motor. But to 
do that with a motor fed at a pressure of 5,000 to 6,000 
volts would, in all probability, cause the destruction of 
the motor, and possibly endanger the safety of the per- 
son handling the switch. The dang^ arises from the 
fact that the self-induction in the motor-circuit is, on 
account of the great length of wire employed, enormously 
great. The electro-motive force of self-induction can be 
Considered to be proportional to the square of the num- 
ber of turns wound on the armature of the motor and to 
the current passing. Before it is safe to switch off it is 
therefore necessary to reduce the current very con- 
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siderably. This can be done in two ways. We may 
either insert into each motor circuit a variable resistance, 
and increase it until the current passing is about 1 
ampere. At this moment the armature of the motor 
can be short-circuited on itself, and thus quickly stopped. 
Or we may suddenly increase the counter-electro-motive 
force of the motor, which will also check the current, 
and then switch off. The latter process is performed in 
the following manner : the load is taken off the motor, 
and at the same time the automatic regulator is switched 
out of circuit, the rheostat being worked by hand. It is 
first set so as to introduce the whole of the 20 ohms into 
the exciting circuit, thus reducing the strength of the mag- 
netic field to a minimum. The immediate result of this 
is that the speed of the motor will increase very consider- 
ably above the normal value. The rheostat is now 
quickly thrown over into the position where all the re- 
sistance is withdrawn from the exciting circuit, and the 
current producing the magnetic field has its greatest 
value. In consequence of thus suddenly raising the 
strength of the field whilst the motor is running at an 
excessive speed, its counter-electro-motive force growa 
quickly up to the electro-motive force in the main line, and 
may for a short time even exceed it. At the moment when 
the two electro-motive forces are equal, no current passes, 
and the motor circuit can be interrupted without danger. 
As it would be difficult to hit the right moment when the 
circuit should be broken, the switch is not worked by 
hand, but by a special electro-magnetic cut out. Fig. 119. 
jB is a strong steel magnet tending to keep a flat lozenge- 
shaped armature which can swivel about a horizontal axis, 
and is placed between its poles in a horizontal position. 
This armature is at the same time under the influence of an 
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electro-magnet, iV-4, which tends to draw the armature out 
of its horizontal position, and when sufficiently excited, will 
hold it in the inclined position indicated in the illustration. 
On the axis of the armature Is placed a lever, provided at 
one end with contact-pins, K^ dipping into mercury-cups, 
and at the other with a balance-weight by which the 
sensitiveness of the apparatus can be regulated within 

Fig. 119. 




AUTOMATIC CUT OUT. 



certain limits. Two of the mercury-cups are joined in 
series with the line, and the other two are in series with 
the exciting circuit ; but to avoid the necessity of keeping 
the current flowing through the mercury, each pair of 
cups is also in connection with spring contacts controlled 
by the commutator, F, When the latter is in the position 
shown the apparatus is not in action. But on turning the 
handle of the commutator through 90® the spring contacts 
are broken and the currents flow through the mercury- 
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cups. When in action the line current flows also through 
the electro-magnet^ iV^, and tends to keep the armature 
inclined. If now the motor be allowed to race, and then 
its field be suddenly increased in the manner above de- 
scribed, there comes a moment when no current passes 
through the line and through the electro-magnet, N A. 
At that moment the latter loses control over the lozenge- 
shaped armature, which is pulled into a horizontal posi- 
tion by the steel magnet, By and thus the contact-pins, 
Ky are pulled out of the mercury-cups. In this manner 
both the line circuit and the exciting circuit are simul- 
taneously interrupted. 

To prevent injury to the generator from an accidental 
short circuit on the line, and consequent excess of current, 
an electro-magnetic relay is introduced which acts when 
the line current exceeds 20 amperes. If this should at 
any time be the case, the armature of the electro-magnet 
releases a trigger by which a heavy weight suspended by 
a rope from a pulley is aHowed to descend. The move- 
ment thus obtained is utilized to switch into the line a 
large resistance, and thus prevent an excess of current. 
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Absolate system, the, of electro- 
magnetic measurements, 21. 

Aeriiu lines, 192, 193 ; estimate for, 
192 ; material for, 192, 199. 

Allen engine and Kapp dynamo, 
268. 

Alteneck armature, the, 48. 

American Sectional Underground 
Company, its system, 215. 

Amp^re-Tums, 102. 

An<£rews dynamo, the, 237, 265. 

Armature, the Edison, 238; electro- 
motive force in, 48, 79 ; the El- 
well-Parker, 256 ; the Gramme, 
48, 72, 75 ; the Hefner- Alteneck, 
68, 71; the Pacinotti, 48, 77; 
the Beckenzaun, 273 ; Siemens' 
shuttle-wound, 48 ; torque exerted 
by, 87 5 types of tiie, 99. 

Barlow's wheel, 48. 

Battery, the secondary, 7 ; the bat- 
tery and conductor systems of 
electrical railways, 288, 299. 

Beringer, Herr, his inyestigations, 
219, 223. 

Bessbrook-Newry electric railway, 
the, 291. 

Blackpool electric railway, the, 293. 

Block system, the automatic, 299. 

Brighton, electric railway at, 300. 

Brooks underground conduit, the, 
216. 

Cables, lead-covered, 192, 217. 
Capacity of conductors, 46. 
Capital outlay and waste of energy, 

relation between, 179. 
Chain of magnetized molecules, 15. 



Characteristics and characteristic 
curves, 99, 112, 113. 

Chretien and Felix, MM., their sys- 
tem of ploughing by electricity, 
283. 

Circuit, magnetic, 99 ; for electric 
transmission, 192. 

Classification of systems, 142. 

Commercial efficiency, 142, 169; 
maximum, 131. 

Compound machine, the, as genera- 
tor, 127. 

Conductors, area of, 184 ; attach- 
ment of to insulators, 192 ; capa- 
city of, 46 ; comparison of, 233 ; 
heating of, 179 ; most economical 
size of, 188 ; and battery railway 
systems, 289. 

Constant pressure, transmission at, 
142, 145, 154 ; speed, self-regula- 
tion for, 142. 

Contact, the sliding, uncertainty of, 
295. 

Continental Underground Cable 
Company, 217. 

Continuous current transformator, 
142. 

Conversion, efficiency of, 96. 

Cost and efficiency, tables of, 219. 

Cost of plant, 225. 

Cost of power, the, 223. 

Counter-electro-motive force, 36, 99. 

Couplings, 192. 

Cranes, electric, 284. 

Crompton dynamo, the, 237, 260. 

Current and mechanical force, 33. 

Current, variable, correction for, 
187. 

Curves, characteristic, 113. 
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Cut ont, automatic, 324. 
Cylinder, the, 99. 

Deprez, M. Marcel, his dynamo, 
317; his experiments, 307. 

Disc, the, 99. 

Distribution, electric, circuits for, 
^92 ; at constant pressure, 145, 
164. 

Drum, the, 99. 

Dynamic, static, and count^-elec- 
tro-motiye force, 99. 

Dynamo, the Andrews, 237, 265; 
the compound, used as motor, 153 ; 
the Crompton, 237, 262; the 
Marcel Deprez, 317 ; the Edison, 
237 ; the Edison-Hopkinson, 241 ; 
the Elwell-Parker, 237; field of 
the, 73 ; Fortes' non>polar, 51 ; 
the Goolden-Trotter, 265; the 
Giilcher, 277; ideal alternating 
current, 53 ; ideal continuous cur- 
rent, 58 ; the Kapp, 268 ; machines, 
classification of, 237 ; reyersibility 
of, 83 ; the Manchester, 254 ; the 
PhcBnix, 271 ; the Thomson-Hous- 
ton, 237, 241 ; the uni-polar 
and non-polar, 52; the Victoria, 
275. 

t^jfiBmoBj small, difficulty in, 99. 

Dynamos and motors, different con- 
ditions in ; formulas for, 97. 

Dyne, the, 21. 

Edison armature, the, 238. 

Edison dynamo, the, 237. 

Edison electric tubes, 213. 

Edison - Hopkinson dynamo, the, 
241. 

Edison mains, 192. 

Efficiency, 43, 83, 96; maximum 
theoretical, 127 ; and cost, tables 
of, 219. iS^ a290 Commercial Effi- 
ciency. 

Electric machines. See Dynamo, &c. 

*< Electric Railway, On the ByoIu- 
tion of the," Dr. Adams's paper, 
281. 

Electrical potential, the, 32. 

Electrical and mechanical energy, 
relations between, 9. 

Electro-dynamic paradox, an, 141. 



Electro-magnetic measurements, the 
absolute system of, 21. 

Electro-motive force, in armature, 
48, 79; counter, 36; maximum, 
55 ; mean, 55 ; the unit of, 30. 
See also Force. 

Electro-motors, early, 48, 279 ; ex- 
periments with, 48. 

Elwell-Parker armature, the, 256. 

Elwell-Parker dynamo, the, 257. 

Elwell-Parker motor, the, 237. 

Energy giyen out, 91 ; lost, 45 ; me- 
chanical and electrical, 9 ; trans- 
mission of, and ideal motor, 9. 

Equivalent magnetic shell, the, 
27. 

Erg, the, 21. 

Estimates, comparative, horse and 
electric traction, 304. 

Exciting power, 99. 

Experiments with electro-motors, 
48 ; by M. Deprez, 307 ; at the 
Gare du Nord, 311 ; at Grenoble, 
313. 

External characteristic, 112. 

External energy, maximum, 127. 

Fans and pumps, electric, 287. 

Feeders, 213. 

Field of dynamo, 73. 

Field, the magnetic, 19 ; strength of, 
99, 109. 

Field magnets, types of, 101. 

Figuier's explanation, 279. 

Fontaine, M. Hippolyte, his dis- 
covery, 279. 

Forbes', Professor, dynamo, 51. 

Force, current and mechanical, 33 ; 
lines of, 11, 21 ; static, dynamic, 
and counter-electro-motive, 99. 
See also Electro-motive force, &c. 

Formulas, for dynamos and motors, 
97 ; for maximum, 179 ; for mean 
current, 179; for strength of 
field, 99. 

Four-pole machine, 260. 

Friction, mechanical and magnetic, 
83. 

Fundamental units, 21. 

Grare du Nord, experiments at the, 
311. 
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Generator, the oompoimd machine 

as, 127. 
Glynde, the Telpher Line at, 297. 
Goolden-Trotter dynamo, the, 237, 

265. 
Governors, 146. 
Gramme armature, 72, 75. 
Graphic treatment of problems, 129. 
Grenoble, experiments at, 313. 
Griscom motors, 64. 
Oiilcher dynamo, the, 237, 277. 

Heating of conductor, 179. 

Hefner- Alteneck armature, 68. 

Historical notes, 279. 

Hopkinson, Edison-, dynamo, the 
241. 

Horse-power given out, 93, 

Horse traction and electric traction, 
comparatiye estimates, 279. 

Houston, Thomson-, dynamo, the 
241. 

Hughes', Professor, theory of mag- 
netism, 15. 

Hydraulic transmission, 227. 

Ideal alternating current dynamo, 

63. 
Ideal motor and transmission of 

energy, 9. 
Immisch motor, the, 250. 
Induction. See Self-induction. 
Insulation, relative importance of, 

192. 
Insulators, 195. 
Internal characteristic, 112. 

Joints of wires, 197. 

Junction safety catch-box, the, 213. 

Kapp dynamo, the, 237, 268. 

Lead-covered cables, 217. 
Leakage, loss of current by, 142 ; 

and economical speed, 165. 
Lightning, protection from, 205. 
Line, the, 179. 
Lines, aerial and other, 192, 207, 

217. 
Lines of force, 11 ; unit lines, 18, 

21. 
Long distance transmission, 219. 



Loss of current by leakage, 142. 
Losses due to mechanicfd and mag« 
netic friction, 83 ; internal, 95. 

Machines, electric: 8ee Dynamo, 
&c. ; list of, 239 ; two series, 176. 

Magnetic circuit, 99; field, the, 18; 
moment, the, 27; resistance, 102 ; 
specific magnetic resistance of air, 
107. 

Magnetic and mechanical friction, 
losses due to, 83. 

Magnetic shell, the equivalent, 27. 

Magnetism, Hughes' theory of, 15. 

Magnets, field, 99; single and 
double. 111. 

Mains, Edison, 192. 

Manchester dynamo, the, 264. 

Maximum current, formula for, 179. 

Mean current, formula for, 179. 

Mean electro-motive force, 55. 

Measurements, the absolute system 
of electro-magnetic, 21. 

Mechanical and electrical energy, 
relations between, 9. 

Mechanical and magnetic friction, 
losses due to, 83. 

Moment, the magnetic, 27. 

Motor, compound dynamo used as, 
153; for constant current made 
self-regulating, 142; the Elwell- 
Farker, 237 ; ideal, 35 ; the Im- 
misch, 260; the Reckenzaun, 
272 ; self-regulating, constant cur- 
rent, 167. 

Motors, horse-power of, 83; me- 
chanically governed, 142 ; shunt, 
127, 139; self- regulating, 142; 
theory of, 85. 

Motors and dynamos, different con- 
ditions in, 83 ; formulas for, 97. 

Munich, experiments at, 309. 

Non-polar dynamo, Forbes', 61. 

Ohm, the, 31. 

Pacinotti armature, the, 48, 77. 
Page's electric railway, 279. 
Parker, Blwell-, armature, the, 256. 

dynamo, the, 237. 

_ motor, the, 237. 
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Periodic gOTernor, the, 147. 

Phoeuix dynamo, the, 271. 

Pinkos, the early patent of, 279. 

Plant, cost of, 226. 

Ploughing by electricity at Ser- 
maize, 283. 

Pneumatic transmission, 229. 

Pole unit, 20, 24. 

Potential, 31. 

Power, cost of, 223. 

Practioa],conclusion8,219 ; difficulty, 
127 ; example, 133, 173 ; units, 
47. 

Principles, general, 9. 

Problems, graphic treatment of, 127. 

Pumping and yentilating by electri- 
city, 286, 287. 

Railway, Page's electric, 279. 
Railways, electric, Dr. Adams on, 

281 ; modem, 279. 
Reckenzaun motor, the, 272. 
Reckenzaun's armature, 273. 
Reckenzaun's electric tramcar, 299. 
Regulation, self, difficulty of, 142. 
Resistance, magnetic, 103. 

Safety appliances, automatic, 324. 

Self-induction, 63, 123 ; experiments 
on, 65. 

Self-reguUuion, difficulty of, U± 

Sermaize, ploughing by electricity 
there, 283. 

Shell, the equivalent magnetic, 27. 

Shunt motor, experiment with, 
139 J variation of speed in, 127. 

Shuttle-wound armature, Siemens', 
61. 

Siemens' shuttle-wound armature, 
61. 

Silicon bronze wires, 201. 

Silicon copper wires, 202. 

Sliding contact, uncertainty of the, 
295. 

Smith, Mr. Holroyd, his under- 
ground conductor, 290. 

Spasmodic governor, the, 146. 

Speed, characteristics, 1 17 ; deter- 
mination of best, for maximum 
commercial efficiency, 127 5 regu- 
lation of, 121 ; torque independent 



of, 89 5 variation of, in shunt 
motors, 127. 

Starting power, 40. 

Static, dynamic, and counter-electro- 
motive force, 99. 

Systems, classification of, according 
to source of electricity, 142 ; of 
electric railways, 279 ; of electric 
transmission of energy, 143, 219. 

Tables of efficiency and cost, 219 ; 
of temperature, 191 ; for finding 
the most economical size of con- 
ductor, 188. 

Telpher line, the, at Glynde, 297. 

Temperature, table for rise of, 191. 

Thelpheraee, 297. 

Thomson-Houston dynamo, the, 241, 
247. 

Thomson-Houston, lightning pro- 
tector, the, 207. 

Thomson, Sir William, his law, 
181. 

Three-wire system, the, 209. 

Torque, the 40; exerted by arma- 
ture, 87 ; independent of speedy 89. 

Traction, horse, and electric, com- 
parative estimates, 304. 

Tramcar, Reckenzaun's electric, 
299. 

Tramcars, electric, application to, 
99. 

Transformator, continuous current, 
142. 

Transmission of energy, electric, 
possible applications of, 219. 

Transmission, between two distant 
points, 142 ; circuits for, 192 ; at 
constant current, 142 ; at constant 
pressure, 142; at constant speed, 
127 ; and ideal motor, 9 ; hydrau- 
lic, 2275 ideal system of, 41; 
over large areas, 142 ; long dis- 
tance, 161, 219 ; pneumatic, 229 ; 
systems of, 143, 221 ; wire-rope, 
230. 

Trotter, Groolden-, dynamo, the, 265. 

Tubes, Edison's electric, 213. 

Two series machines, 175. 

CJnderground conduits, various sys- 
tems of, 215. 
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Underground lines, 207, 217. 
Uniform magnetic field, a, 22. 
Uni-polar dynamos, 52. 
Unit of electro-motire force, the, 

30. 
Unit lines, 18, 21. 
Unit pole, 20, 24. 
Units, fundamental, 21 ; practical, 

9,47. 



Ventilating and pumping by elec- 
tricity, 286, 287. 

Victoria dynamo, the, 275. 

Volk, Mr. Maenns, his electric rail- 
way at Brighton, 300. 

Waste of energy and capital outlay, 

relation between, 179. 
Wire-rope transmission, 230. 
Wires, joints of, 197. 
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GREEK AND LATIN. 
IBibliotfieca Cla00tca. 

A Series of Greek and Latin Authors, with English Notes, 
edited by eminent Scholars. Svo. 

^SCHYLUS. By F. A. Paley, M.A. i8j. 
CICERO'S ORATIONS. By G. Long, M.A. 

4 vols. i6s,, 14s., i6s., iSs, 

DEMOSTHENES. By R. Whiston, M.A. 2 vols. 
i6s. each. 

EURIPIDES. By F. A. Paley, M.A. 3 vols. 16 j. each. 

HERODOTUS.ByRev.J.W.Blakesley,B.D.2vols.32x. 

HESIOD. By F. A. Paley, M.A. 10s. 6d. 

HOMER. By F. A. Paley, M. A. V0I.I.12X. Vol.II.14j. 

HORACE. By Rev. A. J. Macleane, M.A. iSs. 

JUVENAL AND PERSIUS. By Rev. A. J. 
Macleane, M.A. 12s. 

LUC AN. The Pharsalia. By C. E. Haskins, M.A. 
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PLATO. By W. H. Thompson, D.D. 2 vols. 7^. 6^. each. 
SOPHOCLES. Vol I. ByRev.F.H.Blaydes,M.A.r8j. 

Vol. II. Philoctetes— Electra— Ajax arid Tra- 

chiniae. By F. A. Paley, M.A. i2j. 

TACITUS : The Annals. By the Rev. P. Frost, 15^. 

TERENCE. By E. St. J. Parry, M.A. i8j. 

VIRGIL. By J. Conington, M.A. 3 vols. 14?. each. 

Grammar dcfiool €\sm\i%. 

A Series of Greek and Latin Authors^ with English Notes, 
Fcap, Svo. 

C^SAR: DE BELLO GALLICO. By George 
Long, M.A. 5/. 6d, 

Books I.-III. For Junior Classes. By George 

Long, M.A. 2s. 6d, 

Books IV. and V. in i vol. is, 6d. 



CATULLUS, TIBULLUS, AND PROPER- 

TIUS. Selected Poems. With Life. By Rev. A. H. 
Wratislaw. 3^. 6d. 

CICERO: DE SENECTUTE, DE AMICITIA, 
and SELECT EPISTLES. By George Long, M.A. 4J. 6d, 

CORNELIUS NEPOS. By Rev. J. F. Mac- 
michael. 2s, 6d, 

HOMER: ILIAD. Books I. -XII. By F. A. Paley, 
M.A. 6s. 6d. 

HORACE. With Life. By A. J. Macleane, M.A. 

5^. In 2 Parts, 2^. 6d, each. 

JUVENAL : SIXTEEN SATIRES. By H. Prior, 
M.A. 4J. 6d. 

MARTIAL: SELECT EPIGRAMS. With Uie. 
ByF. A Paley, M.A. 6s, 6d. 

OVID : The FASTI. By F. A. Paley, M.A. sj. 
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SALLUST: CATILINA and JUGURTHA. With 
Life. ByG. Long, M.A., and J. G. Frazer. 5^., or sepa- 
rately, 2J. dd, each. 

TACITUS: GERMANIA and AGRICOLA. By 
Rev. P. Frost. 3J. 6</. 

VIRGIL : BUCOLICS, GEORGICS, and iENEID, 
Books I.-IV. Abridged from Professor Conington's edition. 

iENEID, Books V.-XII. 5^. 6^. 

Also in 9 separate volumes^ is, 6d, each, 

XENOPHON: The ANABASIS. With Life. By 
Rev. J. F. Macmichael. 5^. 

Also in 4 separate volumes^ \s, 6d. each. 

The CYROPiEDIA. By G. M. Gorham, M.A. 

6s. 

MEMORABILIA. By Percival Frost, M.A. 



4J. 6d, 

A GRAMMAR-SCHOOL ATLAS OP CLAS- 
SICAL GEOGRAPHY, containing Ten selected Maps. 
Imperial 8vo. $s. 

Uniform with the Series, 

THE NEW TESTAMENT, in Greek. With 
English Notes, &c By Rev. J. F. Macmichael. 7x. 6d, 

Camlirtoge ^reeit ano iLattn Certs. 

^SCHYLUS. By F. A. Paley, M.A. 31. 

C^SAR: DE BELLO GALLICO. By G, Long, 

M.A. 2s. 

CICERO : DE SENECTUTE et DE AMICITIA, et 
EPISTOLiE SELECTiE. By G. Long, M.A. is, 6d. 

CICERONIS ORATIONES. Vol. L (in Verrem.) 
By G. Long, M.A. 3J. 6d. 

EURIPIDES. By F. A. Paley, M.A. 3 vols. 3X. 6d. 
each. 
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HERODOTUS. By J. G. Blakesley, B.D. 2 vols. 75. 
HOMERI ILIAS. I.-XII. By F. A. Paley, M.A. 

2s, 6d, 

HORATIUS. By A. J. Macleane, M.A. 2s, ed. 

JUVENAL ET PERSIUS. By A. J. Macleane, 
M.A. IS. 6d, 

LUCRETIUS. By H. A. J. Munro, M.A. 2s, 6d, 

SALLUSTI CRISPI CATILINA ET JU- 

GURTHA. By G. Long, M.A. is, 6d. 
SOPHOCLES. By F. A. Paley, M.A. 3X. 6d. 
TERENTI COMCEDI^. By W. Wagner, Ph.D. 

THUCYDIDES. By J. G. Donaldson, D.D. 2 vols. 
7J. 

VIRGILIUS. By J. Conington, M.A. 3^. 6d. 

XENOPHONTIS EXPEDITIO CYRI. By 

J. F. Macmichael, B.A. 2J. 6d, 

NOVUM TESTAMENTUM GR^CE. By 

F. H. Scrivener, M.A. 4J. 6d, An edition with wide margin 
for notes, half bound, 12s, 



Cambrioge Cert0 toitf) il3ote0« 

A Selection of the most usually read of the Greek and Latin 
Authors, Annotated for Schools, Fcap, Svo. is, 6d. 
each, with exceptions, 

EURIPIDES. ALCESTIS— MEDEA — HIPPO- 
LYTUS— HECUBA— BACCHiC— ION (2J.)— ORESTES— 
PHOENISSiE— TROADES- HERCULES FURENS— 
ANDROMACHE-IPHIGENIA IN TAURIS. By 
F. A. Paley, M.A. 

^SCHYLUS. PROMETHEUS VINCTUS— 
SEPTEM CONTRA THEBAS— AGAMEMNON— PERSiE 
— EUMENIDES. By F. A. Paley, M.A. 
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SOPHOCLES. (EDIPUSTYRANNUS— CEDIPUS 
COLONEUS— ANTIGONE. By F. A. Paley, M.A. 

HOMER. ILIAD. BOOK I. By F. A. Paley, 
M.A. \s, 

TERENCE. ANDRIA— HAUTON TIMORU- 
MENOS— PHORMIO— ADELPHOE. By Professor Wag- 
ner, Ph.D. 

CICERO. DE SENECTUTE, DE AMICITIA, AND 
EPISTOLiE SELECTiE. By G. Long, M. A 

OVID. SELECTIONS. By A. J. Macleane, M.A. 

Others in preparation. 

Crittcal anD annotateD (JEDitions. 

CICERO'S MINOR WORKS. De Offtciis, &c. &c. 
With English Notes, by W. C. Tylor, LL.D. i2mo. cloth, 

VIRGIL'S AENEID. With English Notes, by 
C. Anthon, LL.D. New Edition. i2mo. yj. dd. 

BEATSON'S PROGRESSIVE EXERCISES ON 
THE COMPOSITION OF GREEK IAMBIC VERSE. 
i2mo. cloth, 3^. 

BENNETT'S (G. L.) ELEMENTARY GREEK 
GRAMMAR CARD. 8vo. \s. 6d. 

DAWSON'S GREEK-ENGLISH LEXICON TO 

THE NEW TESTAMENT. New Edition, by Dr. Tylor. 
8vo. cloth, 9j. 

GREEK SENTENCES AND EXTRACTS. 

Used at Rugby School. i2mo. Part I. — Greek Sentences 
and Extracts from Xenophon, with a Lexicon. 3^. Part 11. — 
Extracts from Hesiod, Homer, &c. 2s. 

GREEK SYNTAX. Rugby. i2mo. is, 3^. 
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GREEK VERBS- Printed in full, for Beginners, 
By A. H. S. B. 4to. 1$, 

NOVUM TESTAMENTUM GR^CE. Textus 

Stephanici, 1550. Accedunt variae Lectiones editionum Bezae, 
Elzeviri, Lachmanni, Tischendorfii, Tregelleii, cnrante 
F. H. Scrivener, M.A. 4f. 6</. An Edition with wide margin 
for MS. Notes, 4to. half-bound morocco, I2J. 

VALPY'S. For the use of Schools. i2mo. 



cloth, 5j. 



Edited by Rev. Macmichael. See Grammar 



School Classics, 



latin. 

BEDFORD'S PROPRIA QU^E MARIBUS; or, 
Short Rules for the Genders of Latin Nouns, and a Latin 
Prosody. i2mo. is, 

BOSSUT'S LATIN WORD BOOK; or, First Step 
to the Latin Language. i8mo. is. 

LATIN PHRASE BOOK. i8mo. is. 

FLORILEGIUM POETICUM. A Selection of 

Elegiac Extracts from Ovid and TibuUus. New edition, greatly 
enlarged with English Notes. By the Rev. P. Frost, M.A. 
Fcap. 8vo. 3J. 

GRADUS AD PARN ASSUM ; sive novus sinony- 
morum, epithetorum, versuum, ac phrasium poeticarum, 
thesaurus. Neio edition. By G. Pyper. i2mo. cloth, fs. 



BY VALPY. Whittaker's Improved edition. 

Latin and English. New edition. Royal i2mo. 'js, 6d, 

PENROSE'S (REV. JOHN) Easy Exercises in 
Latin Elegiac Verse. New edition, i2mo. cloth, 2r. 

STODDART'S NEW DELECTUS; or, Easy Steps 
to Latin Construing. For the use of Pupils commencing the 
Lan^:uage. Adapted to the best Latin Grammars, with a 
Dictionary attached. New edition, i2mo. 4^. 
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LONG'S ATLAS OF CLASSICAL GEOGRAPHY. 

Containing Twenty-four Maps. Constructed by William 
Hughes, F.R.G.S., and Edited by George Long, M.A. New 
edition^ with Coloured Outlines, and an Index of Places. 
Royal 8vo. \2s. 6d. 

GRAMMAR SCHOOL ATLAS OF CLASSI- 
CAL GEOGRAPHY. Containing Ten Maps, selected from 
the larger Atlas. Constructed by W. Hughes, F.R.G.S., and 
edited by George Long, M.A. New edition^ with Coloured 
Outlines. Royal 8vo. $s. 



(2En0lisf) ILanguase ans Miscellaneous. 

ALLEN AND CORNWELL'S SCHOOL 
GRAMMAR. doth edition. Cloth, is. gd. 

GRAMMAR FOR BEGINNERS. 78M 

edition. Cloth, is. 

BELL'S MODERN READER AND SPEAKER. A 

Selection of Poetry and Prose, from the Writings of Eminent 
Authors. i2mo. p. 6d. 

CORN WELL. THE YOUNG COMPOSER : Ex-^ 
ercises in English Composition. 45/^ edition, is, 6d. Key, 3X. 

SPELLING FOR BEGINNERS. Reading 

and Spelling taught at the same time, ^rd edition, is. 

DUNCAN'S ENGLISH EXPOSITOR; or,Explana- 
tory Spelling-book. Containing an Alphabetical Collection ci 
all the most useful, proper, and elegant words in the English 
language, divided into Syllables, and properly accented. New 
edition. i2mo. is. 6d. 

LATHAM'S (R. G.) DICTIONARY OF THE 
ENGLISH LANGUAGE. Abridged and condensed into one 
volume. 8vo. cloth, 141. 
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WEBSTER'S DICTIONARY OF THE ENGLISH 
LANGUAGE. Including Scientific, Technical, and Biblical 
Words and Terms. New edition, with Supplement of over 
4,600 New Words and Meanings. 4to. cloth, i/. \s. ; half-caU, 
I/. lar. 



With Appendices. Neiif edition. 4to. cloth, 



£\ \\s, 6d, ; half-calf, 2/. 



SHAKESPEARE'S PLAYS, with Text and Intro- 
duction in English and German. Edited by C. Sachs, Prof. 
Ph. D. 8vo. cloth, each Play or Number, lod. 

Now Ready : 



1. Julius Caesar. 

2. Romeo and Juliet. 

3. King Henry VIII. 

4. King Lear. 

5. Othello. 

Others to follow. 



6. Hamlet. 

7. A Midsummer Night's 
Dream. 

8. Macbeth. 



a^iscellaneous (2EliucationaI IBooits. 

CHEPMELL'S (REV. DR.) SHORT COURSE 
OF GRECIAN, ROMAN, AND ENGLISH HISTORY. 

New edition, i2mo. 5J. Questions on, i2mo. is. 

CORNWELL'S SCHOOL GEOGRAPHY. 76M 

edition, y. 6d. With Thirty Maps on Steel, 5j. 6d. 

m GEOGRAPHY FOR BEGINNERS. 54M 

edition, is. With Questions, is. 4d. 

A SCHOOL ATLAS. 2s. 6d. ; or 4s. coloured. 



PINNOCK'S HISTORY OF ENGLAND. From 
the Invasion of Julius Caesar. With a Biographical and His- 
torical Dictionary. Questions for Examination, Genealc^cal 
Tables, Progress of Literature and the Constitution, &c. Illus- 
ted. Continued by the Rev. W. H. Pinnock, LL.D. New 
edition, i2mo. 6s. 

HISTORY OF GREECE. With an Introduc- 



tion on the Natural and Political Geography of Greece, Dic- 
tionary of Difficult Terms, Questions for Examination, Genea- 
logical Tables, &c. Illustrated. By Dr. W. C. Taylor. New 
edition. i2mo. 5/. 6d. 
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PINNOCK'S HISTORY OF ROME. With an In- 
troduction, the Geography of the Roman Empire, Notices of the 
Roman Manners, and Illustrations, Questions for Examination, 
Chronological Index, &c Illustrated By Dr. W. C. Taylor. 
New edition. i2mo. 5^. 6^/. 

CATECHISMS OF THE ARTS, SCIENCES, 

AND LITERATURE Whittaker's Improved Editions. 
Illustrated with Maps, Plates, and Woodcuts, carefully re-edited. 
i8mo. price 9*/. each. 

HISTORY.— Modem— Ancient— Universal— Bible and Gos- 
pel — Scripture— Chronology— England — Scotland — France — 
America — Rome—Greece — ^Jews. 

GEOGRAPHY.— Ancient— Modem, Improved Edition- 
Modem, Original Edition— Sacred — England and Wales — Use 
of the Globes. 

GRAMMAR —English— French— German— Italian— Latin 
— Spanish — Greek : Part I. Accidence* Part II. Syntax and 
Prosody — Hebrew. 

MATHEMATICS, &c.— Algebra (two Parts)— Arithmetic 
— Geometry — Navigation— Land Surveying 

RELIGION.— Religion— Natural Theology— Scripture His- 
tory — Bible and Gospel History. 

FINE ARTS, &c.— Architecture— Drawing— Perspective- 
Music — Singing. 

LITERATURE.— Mythology— Rhetoric— Logic— British 
Biography — Classical Biography. 

MISCELLANEOUS.— First Catechism— General Know- 
ledge — Intellectual Philosophy — Agriculture — English Law — 
Heraldry — Medicine — Moral and Social Duties — Trade and 
Commerce. 

arithmetic. 

CORNWELL'S ARITHMETIC FOR BEGIN- 
NERS. Combining simplicity and fullness in teaching the 
First Four Rules and Elementary Fractions, ^tk edition, is. 

SCHOOL ARITHMETIC, i^th edition. \s. 6d. 

Key, 4f. 6d. 

THE SCIENCE OF ARITHMETIC. A 

Course of Numerical Reasoning, with Exercises. 4?. 6d. Key, 
4f. 6d, 

A2 
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PIN NOCK'S ARITHMETICAL TABLES OF 
MONEY, WEIGHTS, AND MEASURES. With Questions 
for Examination, and Explanatory Notes, &c. i8mo. 3^. 

FIRST CYPHERING BOOK. Containing 

Easy Exercises in the First Rules of Arithmetic. 4to. sewed, is. 

SONNENSCHEIN AND NESBITT'S 

ARITHMETIC. The Science and Art of Arithmetic for the 
use of Schools. Post 8vo. ^s. dd. Or separately. Part I. — 
Int^ral. 2j. dd. Parts II. and III. — Fractional and Approxi- 
mate Calculations. 3J. dd. Answers to the Exercises, u. 6d. 
Exercises separately. Part I. is. Parts II. and III. is. yi. 

A B C OF ARITHMETIC. Teacher's Book, 

Nos. I and 2, each is. Exercise Book, Nos i and 2, each 4//. 

WALKINGGAME'S TUTOR ASSISTANT 
(FRASER'S). Being a Compendium of Arithmetic and a 
Complete Question Book. i2mo. 2j. Key, 3^. 

EUCLID, THE FIRST BOOK OF. With an In- 
troduction and Collection of Problems for the use of Schools. 
By J. M. Wilson, M.A. ^mi edition, 4to. 2s, 

THE FIRST SIX BOOKS, together with the 

ELEVENTH and TWELFTH. From the Text of Dr. 
Simson. New edition^ revised and corrected by S. Maynard. 
i8mo. 4r. 



MODERN LANGUAGES. 

HORNBECK. ENGLISH-DANISH and DANISH- 
ENGLISH DICTIONARY. Fcap. 8vo. 6j. 

CALISCH. DICTIONARY OF THE ENGLISH 
AND DUTCH LANGUAGES. 2 vols. Royal 8vo. 
cloth, ;^i i6s. 
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JAEGER. A NEW POCKET-DICTIONARY OF 
THE DUTCH AND ENGLISH LANGUAGES. i6mo. 45. 

PICARD. A NEW POCKET DICTIONARY OF 
THE ENGLISH AND DUTCH LANGUAGES. 5M 
Edition, i6mo, cloth, lar. 

jFrencb. 

BARRfeRE (A.) PROFESSOR, R.M.A. Woolwich. 
JUNIOR GRADUATED FRENCH COURSE affording 
materials for Translation, Grammar, and Conversation. Being 
an introduction to the Graduated French Course. Cloth, u. dd. 

ELEMENTS OF FRENCH GRAMMAR 

AND FIRST STEPS IN IDIOMS. With numerous 
Exercises and a Vocabulary, being an Introduction to the 
Precis of Comparative French Grammar. Crown 8vo. cloth, 2j. 

BELLENGER'S MODERN FRENCH CONVER- 
SATION. Containing Elementary Phrases and New Easy 
Dialogues, in French and English, on the most familiar sub- 
jects. i2mo. 25. 6d. 

BOSSUT'S FRENCH WORD BOOK. i8mo. 1^. 



FRENCH PHRASE BOOK. i8mo. is. 



DELILLE'S FRENCH GRAMMAR. In Two 

Parts. I. — Accidence. II. — Sjmtax, written in French, with 
Exercises conducive to the speaking of the French Language, 
&c. i2mo. 5 J. 6d, Key, 3^". 

EASY FRENCH POETRY FOR BEGIN- 
NERS ; or. Short Selections in Verse on a Graduated Plan for 
the Memory. With English Notes. i2mo. 2s, 

MODELES DE POESIE FRANCAIS. With 



Treatise on French Versification. New edition, i2mo. 6s, 

REPERTOIRE DES PROSATEURS FRAN- 
CAIS. With Biographical Sketches, &c New edition. 
i2mo. 6s, 6d, 

MANUEL ETYMOLOGIQUE ; or, an In- 

terpretative Index of the most recurrent Words in the French 
Language. i2mo. 2s, 6d, 
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DELILLE'S BEGINNER'S OWN FRENCH 
BOOK. Being a Practical and Easy Method of Learning the 
Elements of the French Language. i2mo. cloth, 2J. Key, 2s. 

DES CARRIERE'S FRENCH IDIOMATICAL 

PHRASES AND FAMILIAR DIALOGUES. Square, 
3^.6^. 

HI^TOIRE DE FRANCE, DEPUIS 

L'ETABLISSEMENT DE LA MONARCHIE. Continuee 

c|u'au r^tablissement de I'Empire sous Napoleon III., par 
Delill6. i2mo. yj. 

DUVERGER'S COMPARISON BETWEEN THE 
IDIOMS, GENIUS, AND PHRASEOLOGY OF THE 
FRENCH AND ENGLISH LANGUAGES. New edition, 
i2mo. 4f. (}d, 

GASC (F. E. A.) AN IMPROVED MODERN 
POCKET DICTIONARY OF THE FRENCH AND 
ENGLISH LANGUAGES. New edition, i6mo. cloth, 4^. 
Also in 2 vols, in neat leatherette, 5j. 

MODERN FRENCH-ENGLISH AND ENG- 

LISH-FRENCH DICTIONARY. New edition, revised. 
In I vol. 8vo. lar. 6d, 

HAMEL'S NEW UNIVERSAL FRENCH GRAM- 
MAR. New Edition, i2mo. 45. 

GRAMMATICAL EXERCISES UPON THE 

FRENCH LANGUAGE. Neiv edition, i2mo. ^, Key, 3^. 

FRENCH GRAMMAR AND EXERCISES. 



New edition, i2mo. 5^. (>d. Key, 4?. 

LEVIZAC'S DICTIONARY OF THE FRENCH 

AND ENGLISH LANGUAGES. New edition, by N. Lam- 
bert. i2mo. 6s. 6d. 

MARVEL, C. HISTOIRE ANECDOTIQUE DE 
L*ANGLETERRE. French and English on opposite pages. 
2S, 

NUGENT'S POCKET DICTIONARY OF THE 

FRENCH AND ENGLISH LANGUAGES. New edition, 
revised by J. C. J. Tarver. Pearl edition, 4J. 6d, 
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OLLENDORFS (Dr. H. G.) NEW METHOD 
OF LEARNING TO READ, WRITE, AND SPEAK 
A LANGUAGE IN SIX MONTHS. Adapted to the 
Fiendi. New ediium. i2ino. 6j. 6k/. Key, Svo. 7/. 

OTTO'S FRENCH CONVERSATION GRAMMAR 
Qoth, 5J. ^(L Key, 2j. 

PRACTICAL COMMERCIAL CORRESPON- 

DBNCB. Sec MisceUaneims. 

mf)ittafeet'» iFtend) %tt\z%. 

For the use of Schools and Private Students. Edited by 
A. Barrere, Prof. RM.A. Woolwich, &c, and others. Eadi 
number with a literary Introduction and Arguments in EngUsh, 
foot-notes explaining the more difficult passages, and translatitms 
of the idiomatic expressions into the corresponding English idioms. 
Fcap. 8vo. cloth, each number, ^. 
Now Ready : — 

1. SCRIBE. LE VERRE D'EAa. Bairere. 

2. MOLIERE. LE BOURGEOIS GENTILHOMME. Gasc. 
3 MOLIERE. L*AVARE. Gasc. 

4. SOUVESTRE. SOUS LA TONNELLE. Desage. 

5. MOLIERE. LE MISANTHROPE. Gasc. 

6. LAMARTINE. JEANNE D' ARC. Barrere. 

Others to folUrw. 

a2lf)ittafier'0 jFtencb Classics, \d\^ 
Cnglisf) K^otes. 

Fcap. Svo. cloth. 
AVENTURES DE TELEMAQUE. Par F^n^- 

Ion. New edition. Edited and revised by C J. Delille. %s. 6d, 

HISTOIRE DE CHARLES XII. Par Voltaire. 

New edition. Edited and revised by L Direy. is. 6d. 

PICCIOLA. By X. B. Saintine. New edition. Edited 
and revised by Dr. Dubuc. is. 6d. 

SELECT FABLES OF LA FONTAINE. New 

edition. Edited by F. Gasc, M.A. is. 
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({German. 

FLUGEL'S COMPLETE DICTIONARY OF THE 
GERMAN AND ENGLISH LANGUAGES. Comprising 
the German and English, and English and German. Adapted 
to the English Student, with great Additions and Improvements. 
By C. A. Feiling, A. Heimann, and J. Oxenford. New edition, 
2 vols. 8vo. i/. is, 

ABRIDGED GERMAN AND ENGLISH, 

AND ENGLISH AND GERMAN DICTIONARY. 
Carefully compiled from the London Edition of Fliigers laiger 
Dictionary. By C. A. Feiling and J. Oxenford. New edition. 
Royal i8mo. 6x. 

GERMAN COPY BOOKS (HENZE'S). A new 

progressive series of German Copy Books. Nine numbers. 
Post 4to. 2d» each. 

GRENFELL'S ELEMENTARY GERMAN EX- 
ERCISES. Part I. Adapted to the Rugby School German 
Accidence. i2mo. is, 6d, 

GRIEB'S ENGLISH AND GERMAN DICTION- 
ARY. 2 vols. 8vo. half-bound, i/. 4j. 

OLLENDORFF'S (Dr. H. S.). NEW METHOD 
OF LEARNING TO READ, WRITE, AND SPEAK A 
LANGUAGE IN SIX MONTHS. Adapted to the German. 
New edition. Crown 8vo. is. Key, 8vo. Ts, 

OTTO, GERMAN CONV.-GRAMMAR. New edition^ 
5J. (id. 



KEY TO DITTO. Boards, 2^. 
SUPPLEMENTARY EXERCISES to OTTO'S 



German Grammar, zs. 



ELEMENTARY GERMAN GRAMMAR. 

New edition, 2s. 6d. 

FIRST GERMAN BOOK, Mw edition. 2s. 
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OTTO, GERMAN READER. A Selection of Read- 
ings in German literature, with explanatory Notes and a Voca- 
bulary. In three Parts. 

Part I. Containing : Anecdotes, fables, descriptions, stories, 
parables, tales, and easy poems. New edition. 3J. 

Part II. Containing : Select Readings in German literature. 
New edition, 3^. 

Part III. Containing : Select German Plays. New edition, 

2Ot)ittaiter'0 (Sherman Classics, tottli 
Cnglisf) Jl3ote». 

Fcap, Svo, cloth, 

GERMAN BALLADS. From Uhland, Goethe, 
and Schiller. With Introductions to each Poem, copious 
Explanatory Notes, and Biographical Notices. By C. Bielefeld. 
\5, 6d, 

GOETHE'S HERMANN AND DOROTHEA. 

With Short Introduction, Argument, and Notes Critical and 
Explanatory. By Ernest Bell and E. Wolfel. u. 6d, 

SCHILLER'S MAID OF ORLEANS. With Intro- 
duction and Notes. By Dr. Wagner, is, 6d, 

SCHILLER'S MARIA STUART. With Introduc- 
tion and Notes. By V. Kastner, M.A. is, 6d, 

WALLENSTEIN. Complete Text. New 

edition. With Notes, Arguments, and an Historical and 
Critical Introduction. By Dr. A. Buchheim. 5j. Or sepa- 
, rately— Part I.— THE LAGER AND DIE PICCOLOMINI. 
2s. 6d. Part II.— WALLENSTEIN'S TOD. 2^. ed. 



O([li)tttaiter'0 %zxiz% of ^osern ({German 
autt)or0. 

With Introduction and- Notes, Edited by F, Lange, PhJ),^ 
Professor^ Royal Military Academy y Woolwich, 

The attention of the heads of Colleges and Schools is respectfully 
directed to this new Series of "Modern German Authors" 
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which is intended to supply the much-felt, want of suitable Reading 
Books for English Students of German who have passed through 
the preliminary stages of fables and anecdotes. 

To those who wish to extend their linguistic and grammatical 
knowledge, these volumes will afford, in one respect, a great 
advantage over those of an earlier period, presenting, as they do, 
the compositions of the best living, or only recently deceased 
authors. The Notes, besides etymological and other explanations, 
will contain many useful idiomatic expressions suggested by the text, 
and worth committing to memory. 

Fcap. Svo. cloth. 

MEISTER MARTIN, der Kufner. Erzahlung von E. T. A. Hoff- 
man. Edited by F. Lange, Ph.D., Professor, Royal Military 
Academy, Woolwich, u. (id. 

HANS LANGE. Schauspiel von Paul Heyse. Edited by A. A. 
Macdonell, M.A., Ph.D., Taylorian Teacher, University, 
Oxford. 2J. 

AUF WACHE. Novelle von Berthold Auerbach. DER GEFRO- 
RENE KUSS. Novelle von Otto Roquette. Edited by 
A. A. Macdonell, M.A. 2s. 

DER BIBLIOTHEKAR. Lustspiel von G. von Moser. Edited 
by F. Lange, Ph.D. Is. 

EINE FRAGE. Idyll von George Ebers. Edited by F. Storr, 
B.A., Chief Master of Modem Subjects in Merchant Taylor's 
School. 2s. 

DIE JOURNALISTEN. Lustspiel von Gustav Freytag. Edited 
by Professor F. Lange, Ph.D. 2s. 6d. 

ZOPF UND SCHWERT. Lustspiel von Karl Gutzkow. Edited 
by Professor F. Lange, Ph.D. [Nearly ready. 

HUMORESKEN. Novelletten der besten deutschen Humoristen 
der Gegenwart. Edited by A. A. Macdonell, M.A., Oxon. 

[/« preparation. 



{Hungarian. 

BIZONFY, F. HUNGARIAN AND ENGLISH 

DICTIONARY. i2mo. 2 vols., sewed, ioj, 

HANDBOOK OF ENGLISH AND HUN- 



GARIAN CONVERSATION. Fcap. Svo. sewed, 3^. 
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BARETTI'S DICTIONARY OF THE ENGLISH 
AND ITALIAN LANGUAGES. To which is prefixed aa 
Italian and English Grammar. New Edition^ entirely re- 
written. By G. Comelati and J. Davenport. 2 vols. 8vo. 
l/. lOJ. 

GRAGLIA'S NEW POCKET DICTIONARY OF 
THE ITALIAN AND ENGLISH LANGUAGES. With 
considerable Additions, and a Compendious Eleptientary Italian 
Grammar. l8mo. 45. dd, 

OLLENDORFF (DR. H. G.) NEW METHOD 
OF LEARNING TO READ, WRITE, AND SPEAK A 
LANGUAGE IN SIX MONTHS. Adapted to the ItaUan. 
New Edition, Crown 8vo. 7j. Key, 8vo. 7^. 

SAUER'S ITALIAN CONVERSATION GRAM- 
MAR. Cloth, 5j. (id. Key, boards, 2^. 

SOAVE'S NOVELLE MORALI. New Edition. 

i2mo. 4r. 

VENERONI'S COMPLETE ITALIAN GRAM- 
MAR. By P. Rosteri. i2mo. 6j. 

VERGANI AND PIRANESI'S ITALIAN AND 

ENGLISH GRAMMAR. With Exercises, &c. By J. 
Guichet. New edition^ by Signor A Tommasi. i2mo. 5j. 
Key, 3J. 



jQottoeffian. 



BENNETT'S ENGLISH AND NORWEGIAN 

PHRASE BOOK. Cloth, 5^. 



]portu0uese* 



LACERDA^S PORTUGUESE AND ENGLISH 

DICTIONARY. 2 vols. 4to. roan, 4/. 4J. 

VALDEZ. PORTUGUESE AND ENGLISH DIC- 
TIONARY. 2 vols, post 8vo. cloth, 2\s, 

VIEYRA. PORTUGUESE AND ENGLISH DIG- 

TIONARY. New edition. 2 vols, roan, los. 
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lRus0ian. 

ALEXANDROW'S ENGLISH-RUSSIAN DIC- 
TIONARY. 8vo. cloth, i6j. 

RUSSIAN-ENGLISH, i6j. 

CORNET. MANUAL OF RUSSIAN AND 
ENGLISH CONVERSATION. i8mo. cloth, 3^. 6^. 

REIFF. RUSSIAN GRAMMAR. Fcap. 8vo. 
cloth, 6x. 

A LITTLE MANUAL OF THE RUSSIAN 

LANGUAGE. Cloth, 2j. 



^pantsfi* 

LOPES' ENGLISH-SPANISH AND SPANISH- 
ENGLISH DICTIONARY. Royal 8vo, half bound. 22x. 

NEUMAN AND BARETTI'S SPANISH AND 
ENGLISH, AND ENGLISH AND SPANISH DIC- 
TIONARY. Revised and enlarged by M. Seoane, M.D. 
2 vols. 8vo. i/. %s, 

POCKET DICTIONARY. Spanish and En- 



glish, and English and Spanish. Compil^ from the larger 
work. i8mo. 5^. 

OLLENDORFFS(DR. H. G.) NEW METHOD 
OF LEARNING TO READ, WRITE, AND SPEAK A 
LANGUAGE IN SIX MONTHS. Adapted to the Spanish. 
New edition, 8vo. I2j. Key, 8vo. ^s. 

SAUER'S SPANISH GRAMMAR. Cloth, 5^. 6^. 
Key to do. Boards, 2s. 



MAY, A. A PRACTICAL GRAMMAR OF THE 
SWEDISH LANGUAGE, WITH READING AND 
WRITING EXERCISES. 5M ediHon, 6s. 
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NILSON, WIDMARK AND COLLINS. 

ENGLISH-SWEDISH DICTIONARY. 8yo. bound, i/. 4J. 

OMAN. SWEDISH-ENGLISH DICTIONARY. 

Crown 8vo. &f. 

practical es^etcanttle Cottedponuence. 

A Collection of Commercial Letters and Forms, with Notes, 
Explanatory and Grammatical, and a Vocabulary of Commercial 
Terms, edited by L. Simon, Chr. Vogel, Ph.D., H. P. Skelton, 
W. C. Wrankmore, Leland Mason, and others. Intended as Class 
Books for Schools and for Self-Instruction. 

Now Ready ^ crown Svo. , clot/i : 
ENGLISH, with German Notes, 3^. 
GERMAN, with English Notes, 3J. 
ENGLISH, with French Notes, 4s. 6d. 
FRENCH, with English Notes, 4J. 6d. 
Others to follow. 

This new Collection of Model Letters and Epistolary Forms 
embraces the whole sphere of Commercial Transactions. Each 
example is provided with such remarks and explanations, that any 
one with a fair grammatical knowledge of the particular language 
will find it an easy matter to prepare a well-expressed letter. 

Cf)e $pecmUst^0 Series* 

A New Series of Handbooks for Students and Practical 
Engineers, Crown Svo, With many Illustrations. 

MAGNETO- AND DYNAMO - ELECTRIC 

MACHINES. With a Description of Electric Accumulators. 
From the German of Glaser de Cew. With 61 Illustrations. 
Crown Svo. pp. xiii — 301, 6s, cloth. 

GAS ENGINES. Their Theory and Management. 
By WiUiam Macgregor. With 7 Plates. Crown Svo. pp. 245, 
Sj. 6d, cloth. 

BALLOONING : A Concise Sketch of its History and 
Principles. From the best sources. Continental and English. 
By G. May. With Illustrations. Crown Svo. pp. vi — 97, 
2s, 6d, cloth. 
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B89089714960A : TRANSMISSION OF ENERGY, 

wna* ns- iransformation, Subdivision, and Distribution. A 
Practical Handbook by Gisbert Kapp, C.E., Associate Member 
of the Institution of Civil Engineers, &c. With 1 19 Illustra- 
tions. Crown 8vo. pp. xi — 331. Js. 6d, cloth. 

ARC AND GLOW LAMPS. A Practical Hand- 
book on Electric Lighting. By Julius Maier, Ph.D., Assoc. 
Soc. Tel. Eng., &c. With -78 Illustrations. Crown 8vo. pp. 
viii — 376. 7j. 6d, cloth. 

ON THE CONVERSION OF HEAT INTO 

WORK. By William Anderson, M. Inst. C.E. 

[Ready shortly. 

THE TELEPHONE and its Practical Applications. 
By W. H. Preece, F.R.S., and J. Maier, Ph.D. 

[Ready shortly. 
Others to follow. 

Cecf)noIO0ifaI Dictionaries. 

ENGLISH AND GERMAN 

EGER (G.) TECHNOLOGICAL DICTIONARY 
OF THE ENGLISH AND GERMAN LANGUAGES 
2 vols, cloth, £1 7s. 

WERSHOVEN (F. I.) TECHNOLOGICAI 
DICTIONARY OF THE PHYSICAL, MECHANICAL 
AND CHEMICAL SCIENCES. English and German 
2 vols, cloth, 5x. 

ENGLISHr-SPANISH. 

PONCE DE LEON. TECHNOLOGICAL DIG 

TIONARY. English- Spanish and Spanish-English. Cor 
taining Terms employed in the Applied Sciences, Industrie 
Arts, Mechanics, Fine Arts, Metallurgy, Machinery, Commerce 
Ship-building and Navigation, Civil and Military Engineering 
Agriculture, Railway Construction, Electro-technics, . &c. ' 

Vol. I. — English-Spanish. 8vo. bound, £\ idr. 

Vol. II. — Spanish-English \In preparatioi 

CHISiriCK PRESS :— C. WHITTINGHAM AND CO., TOOKS COURT, 
CHANCERY LANE. 
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